On 14C-based methods for measuring the biogenic carbon fraction in fuels and flue gases by Palstra, Sanne Waltje Lieze
  
 University of Groningen
On 14C-based methods for measuring the biogenic carbon fraction in fuels and flue gases
Palstra, Sanne Waltje Lieze
IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.
Document Version
Publisher's PDF, also known as Version of record
Publication date:
2016
Link to publication in University of Groningen/UMCG research database
Citation for published version (APA):
Palstra, S. W. L. (2016). On 14C-based methods for measuring the biogenic carbon fraction in fuels and
flue gases. [Groningen]: University of Groningen.
Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).
Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.
Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the








On	  14C-­‐based	  methods	  for	  measuring	  the	  

































On	  14C-­‐based	  methods	  for	  measuring	  the	  biogenic	  carbon	  fraction	  in	  fuels	  and	  flue	  gases	  
	  
Sanne	  W.L.	  Palstra	  
	  
PhD	  thesis,	  2016	  
University	  of	  Groningen	  
The	  Netherlands	  
ISBN:	  978-­‐90-­‐367-­‐8553-­‐2	  
ISBN,	  electronic	  version:	  978-­‐90-­‐367-­‐8552-­‐5	  






The	  research	  described	  in	  this	  thesis	  was	  performed	  at	  the	  Centre	  for	  Isotope	  Research	  
(CIO),	  part	  of	  the	  Energy	  and	  Sustainability	  Research	  Institute	  Groningen	  (ESRIG),	  
University	  of	  Groningen.	  
	  
The	  research	  of	  chapter	  2	  was	  partly	  funded	  by	  energy	  company	  Essent	  (RWE).	  The	  
research	  described	  in	  chapters	  3	  and	  4	  was	  partly	  funded	  by	  a	  grant	  of	  the	  Energy	  Delta	  
Gas	  Research	  (EDGaR)	  program.	  EDGaR	  is	  co-­‐financed	  by	  the	  Northern	  Netherlands	  
Provinces,	  the	  European	  Fund	  for	  Regional	  Development,	  the	  Ministry	  of	  Economic	  Affairs	  









On	  14C-­‐based	  methods	  for	  measuring	  the	  










ter	  verkrijging	  van	  de	  graad	  van	  doctor	  aan	  de	  
Rijksuniversiteit	  Groningen	  
op	  gezag	  van	  de	  
rector	  magnificus	  prof.	  dr.	  E.	  Sterken	  
en	  volgens	  besluit	  van	  het	  College	  voor	  Promoties.	  
	  
De	  openbare	  verdediging	  zal	  plaatsvinden	  op	  
	  





Sanne	  Waltje	  Lieze	  Palstra	  
	  
















On	  14C-­‐based	  methods	  for	  measuring	  the	  biogenic	  carbon	  fraction	  in	  fuels	  and	  flue	  gases	  
	  
Sanne	  W.L.	  Palstra	  
	  
PhD	  thesis,	  2016	  
University	  of	  Groningen	  
The	  Netherlands	  
ISBN:	  978-­‐90-­‐367-­‐8553-­‐2	  
ISBN,	  electronic	  version:	  978-­‐90-­‐367-­‐8552-­‐5	  






The	  research	  described	  in	  this	  thesis	  was	  performed	  at	  the	  Centre	  for	  Isotope	  Research	  
(CIO),	  part	  of	  the	  Energy	  and	  Sustainability	  Research	  Institute	  Groningen	  (ESRIG),	  
University	  of	  Groningen.	  
	  
The	  research	  of	  chapter	  2	  was	  partly	  funded	  by	  energy	  company	  Essent	  (RWE).	  The	  
research	  described	  in	  chapters	  3	  and	  4	  was	  partly	  funded	  by	  a	  grant	  of	  the	  Energy	  Delta	  
Gas	  Research	  (EDGaR)	  program.	  EDGaR	  is	  co-­‐financed	  by	  the	  Northern	  Netherlands	  
Provinces,	  the	  European	  Fund	  for	  Regional	  Development,	  the	  Ministry	  of	  Economic	  Affairs	  









On	  14C-­‐based	  methods	  for	  measuring	  the	  










ter	  verkrijging	  van	  de	  graad	  van	  doctor	  aan	  de	  
Rijksuniversiteit	  Groningen	  
op	  gezag	  van	  de	  
rector	  magnificus	  prof.	  dr.	  E.	  Sterken	  
en	  volgens	  besluit	  van	  het	  College	  voor	  Promoties.	  
	  
De	  openbare	  verdediging	  zal	  plaatsvinden	  op	  
	  





Sanne	  Waltje	  Lieze	  Palstra	  
	  





Prof.	  dr.	  H.A.J.	  Meijer	  
	  
Beoordelingscommissie	  
Prof.	  dr.	  G.T.	  Cook	  
Prof.	  M.A.	  Herber	  





































Chapter	  1	  –	  Introduction	  
14C-­‐based	  methods	  for	  measuring	  the	  biogenic	  carbon	  fraction	  in	  fuels	  and	  	  
flue	  gases	   	   	   	   	   	   	   	   	   9	  
1.1	  	  	  A	  global	  interest	  to	  distinguish	  biogenic	  from	  fossil	  carbon	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  10	  
1.2	  	  	  14C	  as	  tracer	  for	  biogenic	  and	  fossil	  carbon	  fractions.	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  15	  
1.3	  	  	  Determination	  of	  14Csample	  and	  
14Cbio	  	  .	  	  .	  	  .	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  16	  	  
1.3.1	  	  	  14C	  measurement.	  .	  	  .	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  16	  	  
1.3.2	  	  	  Calculation	  of	  14C	  values	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  19	  	  
1.3.3	  	  	  Definition	  of	  0%	  biogenic	  carbon	  and	  determination	  of	  14Csample	  	  
and	  14Cbio	  .	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  23	  	  
1.4	  	  	  Application	  of	  14C-­‐based	  methods	  for	  fuels	  and	  flue	  gases	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  25	  
	  
Chapter	  2	  	  
Carbon-­‐14	  based	  determination	  of	  the	  biogenic	  fraction	  of	  industrial	  CO2	  emissions	  	  	  	  	  	  	  	  	  	  
–	  Application	  and	  validation	   	   	   	   	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  27	  
Abstract	  	  .	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  27	  	  
2.1	  	  	  Introduction	  .	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  	  28	  	  
2.2	  	  	  Materials	  and	  Methods	  	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  30	  
2.2.1	  	  	  Sampling	  .	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  30	  	  
2.2.2	  	  	  14C	  measurement	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  32	  	  
2.2.3	  	  	  14C-­‐based	  quantification	  of	  the	  biogenic	  fuel-­‐derived	  CO2	  fraction	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  32	  
2.2.4	  	  	  Calculation	  of	  fCO2_air	  	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  	  34	  
2.2.5	  	  	  Mass	  data	  method	  .	  	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  36	  	  
2.3	  	  	  Results	  	  .	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  37	  	  
2.4	  	  	  Discussion	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  46	  	  	  
2.4.1	  	  	  Reliability	  of	  flue	  gas	  CO2	  sampling	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  46	  
2.4.2	  	  	  Reliability	  of	  sample	  pre-­‐treatment	  and	  14C	  analysis	  	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  48	  	  	  	  
2.4.3	  	  	  Reliability	  of	  the	  calculated	  14C-­‐based	  biogenic	  fuel-­‐derived	  CO2	  fraction	  	  	  	  	  	  49	  
2.5	  	  	  Conclusions	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  	  51	  	  	  
Acknowledgements.	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  51	  	  	  
	  
Chapter	  3	  
Biogenic	  carbon	  fraction	  of	  biogas	  and	  natural	  gas	  fuel	  mixtures	  determined	  with	  14C	  	  53	  
Abstract	  	  .	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  53	  
3.1	  	  	  Introduction	  .	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  	  54	  	  
3.2	  	  	  Experimental	  methods	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  56	  	  
 Promotor	  
Prof.	  dr.	  H.A.J.	  Meijer	  
	  
Beoordelingscommissie	  
Prof.	  dr.	  G.T.	  Cook	  
Prof.	  M.A.	  Herber	  





































Chapter	  1	  –	  Introduction	  
14C-­‐based	  methods	  for	  measuring	  the	  biogenic	  carbon	  fraction	  in	  fuels	  and	  	  
flue	  gases	   	   	   	   	   	   	   	   	   9	  
1.1	  	  	  A	  global	  interest	  to	  distinguish	  biogenic	  from	  fossil	  carbon	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  10	  
1.2	  	  	  14C	  as	  tracer	  for	  biogenic	  and	  fossil	  carbon	  fractions.	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  15	  
1.3	  	  	  Determination	  of	  14Csample	  and	  
14Cbio	  	  .	  	  .	  	  .	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  16	  	  
1.3.1	  	  	  14C	  measurement.	  .	  	  .	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  16	  	  
1.3.2	  	  	  Calculation	  of	  14C	  values	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  19	  	  
1.3.3	  	  	  Definition	  of	  0%	  biogenic	  carbon	  and	  determination	  of	  14Csample	  	  
and	  14Cbio	  .	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  23	  	  
1.4	  	  	  Application	  of	  14C-­‐based	  methods	  for	  fuels	  and	  flue	  gases	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  25	  
	  
Chapter	  2	  	  
Carbon-­‐14	  based	  determination	  of	  the	  biogenic	  fraction	  of	  industrial	  CO2	  emissions	  	  	  	  	  	  	  	  	  	  
–	  Application	  and	  validation	   	   	   	   	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  27	  
Abstract	  	  .	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  27	  	  
2.1	  	  	  Introduction	  .	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  	  28	  	  
2.2	  	  	  Materials	  and	  Methods	  	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  30	  
2.2.1	  	  	  Sampling	  .	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  30	  	  
2.2.2	  	  	  14C	  measurement	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  32	  	  
2.2.3	  	  	  14C-­‐based	  quantification	  of	  the	  biogenic	  fuel-­‐derived	  CO2	  fraction	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  32	  
2.2.4	  	  	  Calculation	  of	  fCO2_air	  	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  	  34	  
2.2.5	  	  	  Mass	  data	  method	  .	  	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  36	  	  
2.3	  	  	  Results	  	  .	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  37	  	  
2.4	  	  	  Discussion	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  46	  	  	  
2.4.1	  	  	  Reliability	  of	  flue	  gas	  CO2	  sampling	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  46	  
2.4.2	  	  	  Reliability	  of	  sample	  pre-­‐treatment	  and	  14C	  analysis	  	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  48	  	  	  	  
2.4.3	  	  	  Reliability	  of	  the	  calculated	  14C-­‐based	  biogenic	  fuel-­‐derived	  CO2	  fraction	  	  	  	  	  	  49	  
2.5	  	  	  Conclusions	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  	  51	  	  	  
Acknowledgements.	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  51	  	  	  
	  
Chapter	  3	  
Biogenic	  carbon	  fraction	  of	  biogas	  and	  natural	  gas	  fuel	  mixtures	  determined	  with	  14C	  	  53	  
Abstract	  	  .	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  53	  
3.1	  	  	  Introduction	  .	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  	  54	  	  
3.2	  	  	  Experimental	  methods	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  56	  	  
 3.2.1	  	  	  Biogas	  and	  natural	  gas	  samples.	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  	  56	  	  
3.2.2	  	  	  Gas	  sample	  pre-­‐treatment	  	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  	  56	  	  
3.2.3	  	  	  Gas	  sample	  combustion	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  	  57	  	  
3.2.4	  	  	  13C	  and	  14C	  analyses	  of	  CO2	  samples	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  	  58	  	  
3.2.5	  	  	  Bio-­‐fossil	  CO2	  mixtures	  .	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  	  58	  
3.3	  	  	  Calculation	  methods	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  	  59	  	  
3.3.1	  	  	  Isotope	  fractionation	  correction	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  	  59	  
3.3.2	  	  	  Calculation	  of	  the	  deviation	  in	  the	  bioC	  fraction	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  	  60	  
3.4	  	  	  Results	  and	  discussion	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  	  63	  	  
3.4.1	  	  	  Origin	  and	  composition	  of	  the	  investigated	  gases	  	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  	  63	  	  
3.4.2	  	  	  13C	  and	  14C	  measurement	  results	  biogas	  and	  natural	  gas	  	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  	  64	  	  
3.4.3	  	  	  δ13C	  values	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  	  66	  	  
3.4.4	  	  	  14C	  values	  of	  biogas	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  	  67	  	  
3.4.5	  	  	  14C	  reference	  value	  for	  100%	  biogenic	  carbon.	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  	  70	  	  
3.4.6	  	  	  Deviations	  in	  the	  bioC	  fraction	  related	  to	  isotope	  fractionation	  correction	  	  	  	  75	  
3.4.7	  	  	  Accuracy	  of	  the	  14C	  method	  for	  biogas/natural	  gas	  fuel	  mixtures	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  	  79	  
3.5	  	  	  Conclusions	  and	  recommendations	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  	  	  82	  	  
Acknowledgements	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  	  	  83	  	  
	  
Chapter	  4	  
Radiocarbon-­‐based	  determination	  of	  biogenic	  and	  fossil	  carbon	  partitioning	  in	  the	  
production	  of	  synthetic	  natural	  gas	   	   	   	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  85	  
Abstract	  	  .	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  85	  
4.1	  	  	  Introduction	  .	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  	  86	  	  
4.2	  	  	  Methods	  	  .	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  88	  
4.2.1	  	  	  SNG	  sample	  information	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  88	  
4.2.2	  	  	  Applied	  14C	  method.	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  90	  
4.2.3	  	  	  Determination	  of	  bio-­‐fossil	  carbon	  partitioning	  of	  solid	  input	  materials	  	  	  	  	  	  	  	  	  91	  
4.3	  	  	  Results	  and	  discussion.	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  93	  	  
4.3.1	  	  	  Biogenic	  carbon	  fraction	  of	  flue	  gas	  CO2	  and	  raw	  SNG	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  	  93	  	  
4.3.2	  	  	  Biogenic	  carbon	  fraction	  of	  mixed	  solid	  input	  materials	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  	  93	  	  
4.3.3	  	  	  Bio-­‐fossil	  carbon	  partitioning	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  	  96	  	  
4.4	  	  	  Conclusions	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  	  99	  	  
Acknowledgements	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  	  99	  	  
Appendix	  A.4	  	  Applied	  method	  for	  separation	  of	  CO2	  and	  CH4	  fractions	  in	  gases	  	  
and	  combustion	  of	  CH4	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  	  100	  	  
A.4.1	  	  	  Introduction	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  	  100	  	  
A.4.2	  	  	  Separation	  and	  combustion	  system	  (SCS)	  and	  applied	  method	  	  	  .	  	  .	  	  	  	  	  	  	  	  	  100	  
A.4.2.1	  	  	  Separation	  of	  the	  CO2	  fraction.	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  	  101	  
 
A.4.2.2	  	  	  Combustion	  of	  the	  CH4	  fraction.	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  	  102	  	  	  	  	  	  	  
	  
Appendix	  	  B.4	  	  	  δ13C	  IRMS	  measurement	  results	  of	  the	  investigated	  flue	  gas	  	  
and	  SNG	  samples.	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  	  	  103	  	  
B.4.1	  	  	  Introduction.	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  	  	  103	  	  
B.4.2	  	  	  Measurement	  results	  	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  	  	  103	  	  	  
B.4.3	  	  	  Discussion	  about	  the	  separation	  of	  CO2	  and	  CH4	  with	  the	  new	  	  
SCS	  system	  based	  on	  the	  measured	  IRMS	  δ13C	  values	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  	  	  105	  	  
B.4.4	  	  	  Conclusions	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  	  	  107	  
	   	  
Chapter	  5	  	  
Application	  of	  14C-­‐based	  methods	  for	  fuels,	  flue	  gases	  and	  bio-­‐based	  materials	  	  
–	  An	  overview	  with	  discussion	  &	  outlook	   	   	   	   	   	  	  	  	  	  	  	  	  	  	  109	  	  
5.1	  	  	  Introduction.	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  	  110	  	  
5.2	  	  	  Application	  of	  14C-­‐based	  methods	  for	  fuels,	  flue	  gases	  and	  bio-­‐based	  materials	  	  	  	  	  111	  
5.3	  	  	  Insights	  in	  an	  accurate	  and	  reliable	  application	  of	  14C-­‐based	  methods	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  116	  
5.3.1	  	  	  Cases	  in	  which	  14C-­‐based	  methods	  cannot	  be	  applied	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  116	  
5.3.2	  	  	  Selection	  of	  representative	  carbon	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  117	  	  
5.3.3	  	  	  Reliable	  determination	  of	  14Csample.	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  119	  	  
5.3.4	  	  	  Representative	  determination	  of	  14Cbio	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  122	  	  
5.3.5	  	  	  14C-­‐based	  biogenic	  carbon	  fraction	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  125	  	  
5.4	  	  	  Future	  use	  of	  14C-­‐based	  methods	  for	  fuels,	  flue	  gases	  and	  bio-­‐based	  materials	  	  	  	  	  	  126	  
5.5	  	  	  Future	  research	  of	  14C-­‐based	  methods	  to	  distinguish	  biogenic	  and	  fossil	  	  
	  	  	  	  	  	  	  	  carbon	  sources	  .	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  129	  	  	  	  
	  
References	   	   	   	   	   	   	   	   	  	  	  	  	  	  	  	  	  	  131	  
	  
Summary	   	   	   	   	   	   	   	   	  	  	  	  	  	  	  	  	  	  139
	   	   	   	   	   	   	  
Samenvatting	   	   	   	   	   	   	   	   	  	  	  	  	  	  	  	  	  	  145	  
	  
Dankwoord	   	   	   	   	   	   	   	   	  	  	  	  	  	  	  	  	  	  153
	   	   	   	   	   	  	  	  	  	  	  	  	  





 3.2.1	  	  	  Biogas	  and	  natural	  gas	  samples.	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  	  56	  	  
3.2.2	  	  	  Gas	  sample	  pre-­‐treatment	  	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  	  56	  	  
3.2.3	  	  	  Gas	  sample	  combustion	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  	  57	  	  
3.2.4	  	  	  13C	  and	  14C	  analyses	  of	  CO2	  samples	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  	  58	  	  
3.2.5	  	  	  Bio-­‐fossil	  CO2	  mixtures	  .	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  	  58	  
3.3	  	  	  Calculation	  methods	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  	  59	  	  
3.3.1	  	  	  Isotope	  fractionation	  correction	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  	  59	  
3.3.2	  	  	  Calculation	  of	  the	  deviation	  in	  the	  bioC	  fraction	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  	  60	  
3.4	  	  	  Results	  and	  discussion	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  	  63	  	  
3.4.1	  	  	  Origin	  and	  composition	  of	  the	  investigated	  gases	  	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  	  63	  	  
3.4.2	  	  	  13C	  and	  14C	  measurement	  results	  biogas	  and	  natural	  gas	  	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  	  64	  	  
3.4.3	  	  	  δ13C	  values	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  	  66	  	  
3.4.4	  	  	  14C	  values	  of	  biogas	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  	  67	  	  
3.4.5	  	  	  14C	  reference	  value	  for	  100%	  biogenic	  carbon.	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  	  70	  	  
3.4.6	  	  	  Deviations	  in	  the	  bioC	  fraction	  related	  to	  isotope	  fractionation	  correction	  	  	  	  75	  
3.4.7	  	  	  Accuracy	  of	  the	  14C	  method	  for	  biogas/natural	  gas	  fuel	  mixtures	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  	  79	  
3.5	  	  	  Conclusions	  and	  recommendations	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  	  	  82	  	  
Acknowledgements	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  	  	  83	  	  
	  
Chapter	  4	  
Radiocarbon-­‐based	  determination	  of	  biogenic	  and	  fossil	  carbon	  partitioning	  in	  the	  
production	  of	  synthetic	  natural	  gas	   	   	   	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  85	  
Abstract	  	  .	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  85	  
4.1	  	  	  Introduction	  .	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  	  86	  	  
4.2	  	  	  Methods	  	  .	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  88	  
4.2.1	  	  	  SNG	  sample	  information	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  88	  
4.2.2	  	  	  Applied	  14C	  method.	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  90	  
4.2.3	  	  	  Determination	  of	  bio-­‐fossil	  carbon	  partitioning	  of	  solid	  input	  materials	  	  	  	  	  	  	  	  	  91	  
4.3	  	  	  Results	  and	  discussion.	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  93	  	  
4.3.1	  	  	  Biogenic	  carbon	  fraction	  of	  flue	  gas	  CO2	  and	  raw	  SNG	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  	  93	  	  
4.3.2	  	  	  Biogenic	  carbon	  fraction	  of	  mixed	  solid	  input	  materials	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  	  93	  	  
4.3.3	  	  	  Bio-­‐fossil	  carbon	  partitioning	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  	  96	  	  
4.4	  	  	  Conclusions	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  	  99	  	  
Acknowledgements	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  	  99	  	  
Appendix	  A.4	  	  Applied	  method	  for	  separation	  of	  CO2	  and	  CH4	  fractions	  in	  gases	  	  
and	  combustion	  of	  CH4	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  	  100	  	  
A.4.1	  	  	  Introduction	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  	  100	  	  
A.4.2	  	  	  Separation	  and	  combustion	  system	  (SCS)	  and	  applied	  method	  	  	  .	  	  .	  	  	  	  	  	  	  	  	  100	  
A.4.2.1	  	  	  Separation	  of	  the	  CO2	  fraction.	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  	  101	  
 
A.4.2.2	  	  	  Combustion	  of	  the	  CH4	  fraction.	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  	  102	  	  	  	  	  	  	  
	  
Appendix	  	  B.4	  	  	  δ13C	  IRMS	  measurement	  results	  of	  the	  investigated	  flue	  gas	  	  
and	  SNG	  samples.	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  	  	  103	  	  
B.4.1	  	  	  Introduction.	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  	  	  103	  	  
B.4.2	  	  	  Measurement	  results	  	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  	  	  103	  	  	  
B.4.3	  	  	  Discussion	  about	  the	  separation	  of	  CO2	  and	  CH4	  with	  the	  new	  	  
SCS	  system	  based	  on	  the	  measured	  IRMS	  δ13C	  values	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  	  	  105	  	  
B.4.4	  	  	  Conclusions	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  	  	  107	  
	   	  
Chapter	  5	  	  
Application	  of	  14C-­‐based	  methods	  for	  fuels,	  flue	  gases	  and	  bio-­‐based	  materials	  	  
–	  An	  overview	  with	  discussion	  &	  outlook	   	   	   	   	   	  	  	  	  	  	  	  	  	  	  109	  	  
5.1	  	  	  Introduction.	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  	  110	  	  
5.2	  	  	  Application	  of	  14C-­‐based	  methods	  for	  fuels,	  flue	  gases	  and	  bio-­‐based	  materials	  	  	  	  	  111	  
5.3	  	  	  Insights	  in	  an	  accurate	  and	  reliable	  application	  of	  14C-­‐based	  methods	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  116	  
5.3.1	  	  	  Cases	  in	  which	  14C-­‐based	  methods	  cannot	  be	  applied	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  116	  
5.3.2	  	  	  Selection	  of	  representative	  carbon	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  117	  	  
5.3.3	  	  	  Reliable	  determination	  of	  14Csample.	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  119	  	  
5.3.4	  	  	  Representative	  determination	  of	  14Cbio	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  122	  	  
5.3.5	  	  	  14C-­‐based	  biogenic	  carbon	  fraction	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  125	  	  
5.4	  	  	  Future	  use	  of	  14C-­‐based	  methods	  for	  fuels,	  flue	  gases	  and	  bio-­‐based	  materials	  	  	  	  	  	  126	  
5.5	  	  	  Future	  research	  of	  14C-­‐based	  methods	  to	  distinguish	  biogenic	  and	  fossil	  	  
	  	  	  	  	  	  	  	  carbon	  sources	  .	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  .	  	  	  	  	  	  	  	  129	  	  	  	  
	  
References	   	   	   	   	   	   	   	   	  	  	  	  	  	  	  	  	  	  131	  
	  
Summary	   	   	   	   	   	   	   	   	  	  	  	  	  	  	  	  	  	  139
	   	   	   	   	   	   	  
Samenvatting	   	   	   	   	   	   	   	   	  	  	  	  	  	  	  	  	  	  145	  
	  
Dankwoord	   	   	   	   	   	   	   	   	  	  	  	  	  	  	  	  	  	  153
	   	   	   	   	   	  	  	  	  	  	  	  	  


































Chapter	  1	  	  
	  
Introduction	  –	  	  
14C-­‐based	  methods	  for	  measuring	  the	  biogenic	  








































Chapter	  1	  	  
	  
Introduction	  –	  	  
14C-­‐based	  methods	  for	  measuring	  the	  biogenic	  











 1.1	  A	  global	  interest	  to	  distinguish	  biogenic	  from	  fossil	  carbon	  
This	   thesis	   is	   about	  a	  method	   to	  determine	   the	  biogenic	   carbon	   fraction	   in	  different	  
kinds	  of	  materials,	   in	  particular	  flue	  gases	  and	  fuel	  gases.	  The	  radioactive	  carbon	  isotope	  
14C	  (also	  called	  radiocarbon)	   is	  used	   in	  this	  method	  to	  distinguish	  the	  biogenic	  and	  fossil	  
carbon	  fractions.	  	  
The	  current	  interest	  to	  distinguish	  between	  biogenic	  and	  fossil	  carbon	  fractions	  in	  the	  
production	  and	   combustion	  of	   certain	   (fuel)	   products	   is	   related	   to	  policy	  measures	   that	  
have	   been	   taken	   over	   the	   last	   10-­‐20	   years,	   to	   reduce	   the	   dependence	   on	   fossil	   carbon	  
materials	  and	   to	  decrease	   the	  amount	  of	   fossil	   fuel	  CO2	  emissions	   into	   the	  atmosphere.	  
European	  Union	   (EU)	  Directive	   2009/28/EC	   for	   instance	   describes	   the	   promotion	   of	   the	  
use	  of	  energy	  from	  renewable	  sources.	  The	  use	  of	  biogenic	  carbon	  materials	  or	  mixed	  bio-­‐
fossil	   waste	   materials	   as	   alternative	   for	   fossil	   carbon	   materials	   is	   encouraged	   and	  
financially	   stimulated.	   Also	   from	   an	   ethical	   point	   of	   view,	   biogenic	   carbon	   products	   are	  
marked	   to	   consumers	   as	   positive	   ‘green’	   products	   and	   stated	   to	   be	   ‘better	   for	   the	  
environment’.	   Producing	   biogenic	   carbon	   products	   or	   ‘green’	   energy	   (from	   biogenic	  
carbon	  materials	  or	  waste)	  therefore	  sells,	  even	  if	  the	  consumer	  has	  to	  pay	  a	  higher	  price.	  
And	  these	  products	  can	  in	  several	  cases	  be	  more	  profitable	  for	  industrial	  companies	  and	  
agricultural	   companies	   (farmers)	   than	  producing	   fossil-­‐based	  products	  or	   food	  products,	  
respectively.	  
	  
The	   international	   political	   wish	   to	   decrease	   fossil	   fuel	   CO2	   emissions	   is	   caused	   by	  
concerns	   about	   the	   increase	   of	   the	   global	   average	   atmospheric	   CO2	   concentration	   over	  
the	  last	  century.	  CO2	  is	  a	  ‘greenhouse	  gas’	  (like	  CH4,	  CO,	  H2O	  and	  N2O)	  and	  the	  molecules	  
absorb	  a	   large	  fraction	  of	  the	  thermal	   infrared	  radiation	  that	   is	  emitted	  from	  the	  earth’s	  
surface,	   and	   the	   higher	   the	   concentrations	   of	   the	   greenhouse	   gases	   are,	   the	   larger	   this	  
fraction	   becomes.	   This	   causes	   an	   unbalanced	   situation	   in	   which	   less	   energy	   (through	  
radiation)	  is	  leaving	  Earth	  than	  is	  taken	  up	  (from	  sunlight)	  and	  an	  average	  global	  increase	  
of	  the	  temperature	  of	  the	  lower	  atmospheric	  layer	  occurs:	  global	  warming.	  Over	  the	  last	  
century	   different	   greenhouse	   gas	   concentrations,	   especially	   CO2,	   CH4	   and	   N2O	   have	  
increased.	  Long-­‐term	  temperature	  records	  at	  different	  locations	  on	  Earth	  show	  a	  trend	  of	  
increasing	  average	  temperatures.	  It	  is	  almost	  certain	  that	  this	  global	  warming	  is	  related	  to	  
the	   increase	   of	   the	   greenhouse	   gas	   effect.	   Global	   warming	   is	   expected	   to	   induce	   non-­‐
equally	   distributed	   temperature	   and	   climate	   changes	   on	   Earth	   and	   might	   have	   severe	  
effects	   on	   (human)	   life	   already	   in	   the	   coming	   century.	   Extensive	   information	   about	  
greenhouse	  gases	  and	  global	  warming	  can	  be	   found	   in	   the	   IPCC	  2013	   report	  of	  working	  
group	  I	  (IPCC,	  2013;	  chapter	  2	  by	  Hartmann	  et	  al.,	  2013).	  	  
Due	   to	   this	   threat	   of	   global	   warming,	   international	   policy	   measures	   are	   taken	   to	  
reduce	   anthropogenic	   greenhouse	   gas	   emissions	   and/or	   stop	   a	   further	   increase	   of	  
atmospheric	   greenhouse	   gas	   concentrations.	   Examples	   of	   policy	   measures	   within	   the	  
 
European	   Union	   (EU)	   concerning	   the	   reduction	   of	   (fossil)	   CO2	   emissions	   and	   other	  
greenhouse	  gas	  emissions,	  are	  directive	  2009/29/EC	  about	   the	  greenhouse	  gas	  emission	  
allowance	   trading	   scheme	  of	   the	   EU	   community,	   combined	  with	   decisions	   2007/589/EC	  
and	  2011/540/EU	  to	  establish	  guidelines	   for	  the	  monitoring	  and	  reporting	  the	  emissions	  
of	  CO2	  and	  other	  greenhouse	  gases.	  
The	  increase	  of	  the	  global	  average	  CO2	  concentration	  in	  the	  atmosphere	  over	  the	  last	  
century	  is	  mainly	  due	  to	  the	  use	  and	  combustion	  of	  fossil	  fuels	  such	  as	  coal,	  natural	  gas,	  
lignite	  and	  gasoline,	  and	  fossil	  (waste)	  products	  from	  petroleum	  (such	  as	  plastics).	  The	  use	  
of	  these	  fossil	  materials	  has	  increased	  over	  the	  last	  century.	  After	  World	  War	  II	  the	  use	  of	  
fuels	   increased	   significantly	   in	   Europe	   and	   the	   United	   States	   of	   America.	   Due	   to	   the	  
continuously	   increasing	   world	   population	   combined	   with	   the	   further	   economical	  
development	  of	  several	  (large)	  countries	  in	  the	  world	  (such	  as	  China,	  Brazil	  and	  India),	  the	  
use	  of	  fossil	  carbon	  materials	  is	  currently	  still	  increasing	  (IEA,	  2014a;	  2014b).	  	  
	  
Fossil	   carbon	   materials	   are	   stored	   in	   the	   deep	   underground	   and	   do	   not	   have	  
interaction	   with	   the	   carbon	   exchanging	   reservoirs	   on	   Earth	   (atmosphere,	   oceans	   and	  
biosphere),	   at	   least	   not	   on	   a	   “human”	   time	   scale	   of	   centuries	   to	   millennia.	   The	   fossil	  
carbon	  materials	   are	   therefore	   not	   part	   of	   the	   global	   carbon	   cycle	   in	  which	   a	   relatively	  
balanced	   uptake	   and	   release	   of	   carbon	   between	   the	   atmosphere	   and	   the	   oceans	   and	  
biosphere	   takes	   place	   (in	   a	   cycle	   of	   approximately	   100	   years).	   Without	   anthropogenic	  
activities,	  natural	  carbon	  exchange	  processes	  determine	  atmospheric	  CO2	  concentrations	  
in	  time.	  However,	  the	  combustion	  of	  the	  fossil	  materials	  causes	  fossil	  CO2	  emissions	  into	  
the	  atmosphere,	   and	   so	   this	   fossil	   carbon	  becomes	  part	  of	   the	   global	   carbon	   cycle.	   The	  
fossil	  CO2	  is	  initially	  mixed	  with	  the	  atmospheric	  CO2,	  but	  is	  then	  divided	  over	  the	  different	  
carbon	  reservoirs.	  Currently	  about	  35%	  of	  the	  emitted	  (mainly	  fossil)	  CO2	  amount	  is	  taken	  
up	   by	   the	   oceans	   and	   about	   15%	   by	   the	   biosphere.	   The	   atmospheric	   CO2	   increases	  
therefore	   in	   time	  with	   an	   amount	   that	   equals	   ≈50%	   of	   the	   added	   (fossil)	   CO2.	   Detailed	  
information	  about	  the	  global	  carbon	  cycle	  and	  fossil	  CO2	  emissions	  can	  be	  found	  in	   IPCC	  
report	  2013	  (chapter	  6;	  Ciais	  et	  al.,	  2013).	  
Anthropogenic	  activities	   in	  which	  biogenic	  carbon	  materials	  are	  used	  and	  combusted	  
and	  CO2	  is	  released	  into	  the	  atmosphere	  have	  a	  different	  effect	  on	  the	  global	  average	  CO2	  
concentrations	   in	  time	  than	  CO2	  from	  fossil	  materials.	  Plants,	  trees,	  animals	  and	  manure	  
are	   examples	   of	   biogenic	   carbon	   sources.	   The	   products	  made	   from	   these	  materials	   are	  
sometimes	  also	  called	  ‘bio-­‐based	  products’.	  These	  materials	  and	  products	  contain	  carbon	  
that	  was	  recently	  taken	  up	  from	  the	  atmosphere	  by	  photosynthesis	  of	  CO2	  (in	  general	  for	  
plant-­‐based	   materials	   <10	   years	   ago	   and	   tree-­‐based	   materials	   <50	   years	   ago).	   The	  
anthropogenic	  activities	  in	  which	  bio-­‐based	  products	  are	  used	  will	  cause	  a	  certain	  release	  
of	  CO2	  into	  the	  atmosphere	  in	  time	  again,	  by	  for	  instance	  combustion	  and	  decomposition.	  
If	   the	   average	   yearly	   rate	   of	   CO2	   uptake	   by	   plants	   and	   trees	   equals	   the	   average	   yearly	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 1.1	  A	  global	  interest	  to	  distinguish	  biogenic	  from	  fossil	  carbon	  
This	   thesis	   is	   about	  a	  method	   to	  determine	   the	  biogenic	   carbon	   fraction	   in	  different	  
kinds	  of	  materials,	   in	  particular	  flue	  gases	  and	  fuel	  gases.	  The	  radioactive	  carbon	  isotope	  
14C	  (also	  called	  radiocarbon)	   is	  used	   in	  this	  method	  to	  distinguish	  the	  biogenic	  and	  fossil	  
carbon	  fractions.	  	  
The	  current	  interest	  to	  distinguish	  between	  biogenic	  and	  fossil	  carbon	  fractions	  in	  the	  
production	  and	   combustion	  of	   certain	   (fuel)	   products	   is	   related	   to	  policy	  measures	   that	  
have	   been	   taken	   over	   the	   last	   10-­‐20	   years,	   to	   reduce	   the	   dependence	   on	   fossil	   carbon	  
materials	  and	   to	  decrease	   the	  amount	  of	   fossil	   fuel	  CO2	  emissions	   into	   the	  atmosphere.	  
European	  Union	   (EU)	  Directive	   2009/28/EC	   for	   instance	   describes	   the	   promotion	   of	   the	  
use	  of	  energy	  from	  renewable	  sources.	  The	  use	  of	  biogenic	  carbon	  materials	  or	  mixed	  bio-­‐
fossil	   waste	   materials	   as	   alternative	   for	   fossil	   carbon	   materials	   is	   encouraged	   and	  
financially	   stimulated.	   Also	   from	   an	   ethical	   point	   of	   view,	   biogenic	   carbon	   products	   are	  
marked	   to	   consumers	   as	   positive	   ‘green’	   products	   and	   stated	   to	   be	   ‘better	   for	   the	  
environment’.	   Producing	   biogenic	   carbon	   products	   or	   ‘green’	   energy	   (from	   biogenic	  
carbon	  materials	  or	  waste)	  therefore	  sells,	  even	  if	  the	  consumer	  has	  to	  pay	  a	  higher	  price.	  
And	  these	  products	  can	  in	  several	  cases	  be	  more	  profitable	  for	  industrial	  companies	  and	  
agricultural	   companies	   (farmers)	   than	  producing	   fossil-­‐based	  products	  or	   food	  products,	  
respectively.	  
	  
The	   international	   political	   wish	   to	   decrease	   fossil	   fuel	   CO2	   emissions	   is	   caused	   by	  
concerns	   about	   the	   increase	   of	   the	   global	   average	   atmospheric	   CO2	   concentration	   over	  
the	  last	  century.	  CO2	  is	  a	  ‘greenhouse	  gas’	  (like	  CH4,	  CO,	  H2O	  and	  N2O)	  and	  the	  molecules	  
absorb	  a	   large	  fraction	  of	  the	  thermal	   infrared	  radiation	  that	   is	  emitted	  from	  the	  earth’s	  
surface,	   and	   the	   higher	   the	   concentrations	   of	   the	   greenhouse	   gases	   are,	   the	   larger	   this	  
fraction	   becomes.	   This	   causes	   an	   unbalanced	   situation	   in	   which	   less	   energy	   (through	  
radiation)	  is	  leaving	  Earth	  than	  is	  taken	  up	  (from	  sunlight)	  and	  an	  average	  global	  increase	  
of	  the	  temperature	  of	  the	  lower	  atmospheric	  layer	  occurs:	  global	  warming.	  Over	  the	  last	  
century	   different	   greenhouse	   gas	   concentrations,	   especially	   CO2,	   CH4	   and	   N2O	   have	  
increased.	  Long-­‐term	  temperature	  records	  at	  different	  locations	  on	  Earth	  show	  a	  trend	  of	  
increasing	  average	  temperatures.	  It	  is	  almost	  certain	  that	  this	  global	  warming	  is	  related	  to	  
the	   increase	   of	   the	   greenhouse	   gas	   effect.	   Global	   warming	   is	   expected	   to	   induce	   non-­‐
equally	   distributed	   temperature	   and	   climate	   changes	   on	   Earth	   and	   might	   have	   severe	  
effects	   on	   (human)	   life	   already	   in	   the	   coming	   century.	   Extensive	   information	   about	  
greenhouse	  gases	  and	  global	  warming	  can	  be	   found	   in	   the	   IPCC	  2013	   report	  of	  working	  
group	  I	  (IPCC,	  2013;	  chapter	  2	  by	  Hartmann	  et	  al.,	  2013).	  	  
Due	   to	   this	   threat	   of	   global	   warming,	   international	   policy	   measures	   are	   taken	   to	  
reduce	   anthropogenic	   greenhouse	   gas	   emissions	   and/or	   stop	   a	   further	   increase	   of	  
atmospheric	   greenhouse	   gas	   concentrations.	   Examples	   of	   policy	   measures	   within	   the	  
 
European	   Union	   (EU)	   concerning	   the	   reduction	   of	   (fossil)	   CO2	   emissions	   and	   other	  
greenhouse	  gas	  emissions,	  are	  directive	  2009/29/EC	  about	   the	  greenhouse	  gas	  emission	  
allowance	   trading	   scheme	  of	   the	   EU	   community,	   combined	  with	   decisions	   2007/589/EC	  
and	  2011/540/EU	  to	  establish	  guidelines	   for	  the	  monitoring	  and	  reporting	  the	  emissions	  
of	  CO2	  and	  other	  greenhouse	  gases.	  
The	  increase	  of	  the	  global	  average	  CO2	  concentration	  in	  the	  atmosphere	  over	  the	  last	  
century	  is	  mainly	  due	  to	  the	  use	  and	  combustion	  of	  fossil	  fuels	  such	  as	  coal,	  natural	  gas,	  
lignite	  and	  gasoline,	  and	  fossil	  (waste)	  products	  from	  petroleum	  (such	  as	  plastics).	  The	  use	  
of	  these	  fossil	  materials	  has	  increased	  over	  the	  last	  century.	  After	  World	  War	  II	  the	  use	  of	  
fuels	   increased	   significantly	   in	   Europe	   and	   the	   United	   States	   of	   America.	   Due	   to	   the	  
continuously	   increasing	   world	   population	   combined	   with	   the	   further	   economical	  
development	  of	  several	  (large)	  countries	  in	  the	  world	  (such	  as	  China,	  Brazil	  and	  India),	  the	  
use	  of	  fossil	  carbon	  materials	  is	  currently	  still	  increasing	  (IEA,	  2014a;	  2014b).	  	  
	  
Fossil	   carbon	   materials	   are	   stored	   in	   the	   deep	   underground	   and	   do	   not	   have	  
interaction	   with	   the	   carbon	   exchanging	   reservoirs	   on	   Earth	   (atmosphere,	   oceans	   and	  
biosphere),	   at	   least	   not	   on	   a	   “human”	   time	   scale	   of	   centuries	   to	   millennia.	   The	   fossil	  
carbon	  materials	   are	   therefore	   not	   part	   of	   the	   global	   carbon	   cycle	   in	  which	   a	   relatively	  
balanced	   uptake	   and	   release	   of	   carbon	   between	   the	   atmosphere	   and	   the	   oceans	   and	  
biosphere	   takes	   place	   (in	   a	   cycle	   of	   approximately	   100	   years).	   Without	   anthropogenic	  
activities,	  natural	  carbon	  exchange	  processes	  determine	  atmospheric	  CO2	  concentrations	  
in	  time.	  However,	  the	  combustion	  of	  the	  fossil	  materials	  causes	  fossil	  CO2	  emissions	  into	  
the	  atmosphere,	   and	   so	   this	   fossil	   carbon	  becomes	  part	  of	   the	   global	   carbon	   cycle.	   The	  
fossil	  CO2	  is	  initially	  mixed	  with	  the	  atmospheric	  CO2,	  but	  is	  then	  divided	  over	  the	  different	  
carbon	  reservoirs.	  Currently	  about	  35%	  of	  the	  emitted	  (mainly	  fossil)	  CO2	  amount	  is	  taken	  
up	   by	   the	   oceans	   and	   about	   15%	   by	   the	   biosphere.	   The	   atmospheric	   CO2	   increases	  
therefore	   in	   time	  with	   an	   amount	   that	   equals	   ≈50%	   of	   the	   added	   (fossil)	   CO2.	   Detailed	  
information	  about	  the	  global	  carbon	  cycle	  and	  fossil	  CO2	  emissions	  can	  be	  found	  in	   IPCC	  
report	  2013	  (chapter	  6;	  Ciais	  et	  al.,	  2013).	  
Anthropogenic	  activities	   in	  which	  biogenic	  carbon	  materials	  are	  used	  and	  combusted	  
and	  CO2	  is	  released	  into	  the	  atmosphere	  have	  a	  different	  effect	  on	  the	  global	  average	  CO2	  
concentrations	   in	  time	  than	  CO2	  from	  fossil	  materials.	  Plants,	  trees,	  animals	  and	  manure	  
are	   examples	   of	   biogenic	   carbon	   sources.	   The	   products	  made	   from	   these	  materials	   are	  
sometimes	  also	  called	  ‘bio-­‐based	  products’.	  These	  materials	  and	  products	  contain	  carbon	  
that	  was	  recently	  taken	  up	  from	  the	  atmosphere	  by	  photosynthesis	  of	  CO2	  (in	  general	  for	  
plant-­‐based	   materials	   <10	   years	   ago	   and	   tree-­‐based	   materials	   <50	   years	   ago).	   The	  
anthropogenic	  activities	  in	  which	  bio-­‐based	  products	  are	  used	  will	  cause	  a	  certain	  release	  
of	  CO2	  into	  the	  atmosphere	  in	  time	  again,	  by	  for	  instance	  combustion	  and	  decomposition.	  




 release	   of	   CO2	   from	   biogenic	   carbon	   materials	   into	   the	   atmosphere	   (such	   that	   the	  
biogenic	   carbon	   reservoir	   on	   land	   remains	   constant	   in	   size),	   then	   these	   specific	  
anthropogenic	  activities	  (influencing	  both	  CO2	  uptake	  and	  CO2	  release)	  will	  not	  change	  the	  
average	   global	   atmospheric	   CO2	   concentration.	   The	   use	   of	   biogenic	   carbon	  materials	   is	  
therefore	  promoted	  as	  alternative	  for	  fossil	  materials:	  as	  a	  way	  to	  stop	  a	  further	  increase	  
of	   the	   atmospheric	   CO2	   concentrations	   (so-­‐called	   ‘climate	   neutral’	   or	   ‘CO2-­‐neutral’	  
measures).	  	  
	  
Besides	  the	  climate	  aspect,	  biogenic	  carbon	  materials	  are	  currently	  also	  promoted	  as	  
an	  alternative	  for	  fossil	  materials	  to	  decrease	  the	  dependency	  on	  fossil	  carbon	  materials	  in	  
the	  global	  geopolitical	  trading	  arena.	  The	  production	  of	  bio-­‐based	  materials	  and	  products	  
is	  therefore	  currently	  also	  a	  booming	  business	  in	  developed	  countries,	  as	  it	  gives	  industrial	  
and	  agricultural	  companies	  and	  farmers	  in	  those	  countries	  new	  economic	  perspectives.	  
Figure	  1.1	  gives	  an	  example	  of	  the	  increased	  use	  of	  biogenic	  fuels	  in	  power	  generation	  
from	  biogenic	  materials	   since	  2006	   and	  with	  predictions	   for	   the	  period	  2014-­‐2018	   (IEA,	  
2013).	  A	  further	   increase	   in	  the	  production	  and	  use	  of	  biogenic	  fuels	   is	  expected	  for	  the	  
coming	  years.	  	  
	  
	  
Figure	   1.1.	   “Bioenergy	   generation	   and	   projection	   by	   region”.	   Figure	   from	  
http://www.iea.org/topics/renewables/subtopics/bioenergy/.	  Original	  source:	  IEA,	  (2013),	  
Medium-­‐Term	  Renewable	  Energy	  Market	  Report	  2013,	  OECD/IEA,	  Paris.	  
	  
Despite	   this	   increase,	   the	   fraction	   of	   biofuels	   and	  waste	   in	   the	   total	   primary	   energy	  
supply	  of	   the	  world	   is	   still	   the	   same	  as	   it	  was	   in	  1973:	  only	  10%,	  while	   the	  worlds	   total	  
primary	  energy	  supply	  increased	  from	  256	  EJ	  (6106	  Mteo)	  in	  1973	  to	  560	  EJ	  (13371	  Mteo)	  
in	  2012.	  This	  10%	  also	   includes	  the	  use	  of	  wood	  materials	  as	  fuel	   for	  domestic	  purposes	  
(heating,	   cooking),	   mainly	   in	   undeveloped	   countries.	   Trees	   used	   for	   these	   domestic	  
purposes	  are	  not	  always	   replaced	  by	  new	  ones	  and	   the	  10%	  of	   ‘bio’-­‐energy	   is	   therefore	  
 
not	  necessarily	  100%	  CO2-­‐neutral.	   It	   is	  expected	   that	   the	  world	  primary	  energy	  demand	  
will	   further	   increase	   in	   the	   coming	   future	  with	   in	   average	   1.2%	  per	   year	   until	   (at	   least)	  
2035	   (IEA,	  2014b).	  The	  share	  of	   the	   fossil	   fuels	  decreased	   from	  87	   to	  82%	   in	   the	  period	  
1973-­‐2012,mainly	   due	   to	   the	   relative	   increased	   contributions	   of	   nuclear	   power	   and	  
hydropower	  (IEA,	  2014a)	  and	  some	  scenarios	  predict	  a	  further	  decrease	  to	  approximately	  
76%	   in	  2035	  (2014b).	  Fossil	   fuel	  use	  will	  nevertheless	  still	   increase	   in	  absolute	  numbers.	  
These	   numbers	   about	   primary	   energy	   supply	   and	   demand	   give	   insight	   in	   the	   large	   and	  
increased	   amount	   of	   fossil	   fuels	   that	   are	   used	   in	   the	   world.	   The	   numbers	   explain	   the	  
ongoing	   increase	   in	   atmospheric	   CO2	   concentrations	   (expected:	   0.7%	   per	   year	   for	   the	  
period	  2012-­‐2035;	   IEA	  2014b)	  and	  show	  the	   large	  dependency	  on	   fossil	  energy	   sources.	  
The	  numbers	  also	  show	  the	  challenge	  to	  replace	  these	  high	  calorific	  fossil	  carbon	  sources	  
with	  other,	  sustainable,	  CO2-­‐neutral	  and	  non-­‐carbon	  energy	  sources	  as	  alternatives.	  
	  
The	  ethical	  and	  financial	  values	  of	  products	  and	  flue	  gas	  CO2	  emissions	   increase	  with	  
increasing	   biogenic	   carbon	   fraction.	   For	   producers	   of	   (partly)	   bio-­‐based	  products,	   it	   can	  
therefore	  be	  of	  interest	  to	  determine	  the	  biogenic	  carbon	  fraction	  in	  a	  produced	  product,	  
for	   instance	   if	   such	   a	   product	   is	   to	   be	   sold	   with	   a	   certain	   specified	   biogenic	   carbon	  
content.	  If	  a	  production	  process	  starts	  with	  mixed	  input	  materials	  it	  may	  be	  worthwhile	  to	  
to	   investigate	   in	  what	   ratio	   the	   biogenic	   and	   fossil	   carbon	   fractions	   end	   up	   in	   the	   final	  
products.	  For	  authorities	   it	  can	  be	  of	   interest	   to	  check	   (for	   fraud	   investigation)	  products	  
on	   the	  market	   that	   are	   sold	   as	   ‘100%	  bio-­‐based’,	   but	   could	   also	   have	   been	  made	   from	  
(usually	  cheaper)	  fossil	  carbon	  or	  mixed	  bio-­‐fossil	  waste	  materials.	  	  
In	   EC	   decisions	   2007/589/EC	   and	   2011/540/EU	   to	   establish	   guidelines	   for	   the	  
monitoring	   and	   reporting	   the	   emissions	   of	   CO2	   and	   other	   greenhouse	   gases	   by	   large	  
(industrial)	   companies,	  a	  distinction	   is	  made	  between	  biogenic	  and	   fossil	  CO2	  emissions.	  
Only	  the	  biogenic	  CO2	  can	  be	  emitted	  ‘for	  free’.	  Industrial	  companies	  have	  to	  report	  their	  
biogenic	   and	   fossil	   CO2	   emission	   to	   national	   emission	   authorities.	   As	   soon	   as	   the	  
combustion	  of	  biogenic	   carbon	  materials	  becomes	   financially	  profitable,	   these	   industrial	  
companies	   might	   want	   to	   know	   their	   biogenic	   CO2	   emissions	   exactly.	   The	   emission	  
authorities	   might	   want	   to	   verify	   reported	   biogenic	   and	   fossil	   CO2	   emission	   to	   prevent	  
fraud.	  
In	  all	  these	  cases,	  especially	  with	  unknown	  biogenic	  composition	  of	  the	  ingredients	  of	  
products	   and	   of	   combusted	   fuels,	   a	   determination	   method	   is	   needed	   which	   can	  
distinguish	   between	   biogenic	   and	   fossil	   carbon	   fractions	   and	   which	   can	   accurately	  
quantify	  the	  biogenic	  carbon	  fraction	  in	  the	  product,	  fuel	  or	  flue	  gas	  CO2.	  To	  serve	  fraud	  
identification	  purposes	  the	  method	  should	  also	  be	  independent:	  the	  analysis	  data	  should	  





 release	   of	   CO2	   from	   biogenic	   carbon	   materials	   into	   the	   atmosphere	   (such	   that	   the	  
biogenic	   carbon	   reservoir	   on	   land	   remains	   constant	   in	   size),	   then	   these	   specific	  
anthropogenic	  activities	  (influencing	  both	  CO2	  uptake	  and	  CO2	  release)	  will	  not	  change	  the	  
average	   global	   atmospheric	   CO2	   concentration.	   The	   use	   of	   biogenic	   carbon	  materials	   is	  
therefore	  promoted	  as	  alternative	  for	  fossil	  materials:	  as	  a	  way	  to	  stop	  a	  further	  increase	  
of	   the	   atmospheric	   CO2	   concentrations	   (so-­‐called	   ‘climate	   neutral’	   or	   ‘CO2-­‐neutral’	  
measures).	  	  
	  
Besides	  the	  climate	  aspect,	  biogenic	  carbon	  materials	  are	  currently	  also	  promoted	  as	  
an	  alternative	  for	  fossil	  materials	  to	  decrease	  the	  dependency	  on	  fossil	  carbon	  materials	  in	  
the	  global	  geopolitical	  trading	  arena.	  The	  production	  of	  bio-­‐based	  materials	  and	  products	  
is	  therefore	  currently	  also	  a	  booming	  business	  in	  developed	  countries,	  as	  it	  gives	  industrial	  
and	  agricultural	  companies	  and	  farmers	  in	  those	  countries	  new	  economic	  perspectives.	  
Figure	  1.1	  gives	  an	  example	  of	  the	  increased	  use	  of	  biogenic	  fuels	  in	  power	  generation	  
from	  biogenic	  materials	   since	  2006	   and	  with	  predictions	   for	   the	  period	  2014-­‐2018	   (IEA,	  
2013).	  A	  further	   increase	   in	  the	  production	  and	  use	  of	  biogenic	  fuels	   is	  expected	  for	  the	  
coming	  years.	  	  
	  
	  
Figure	   1.1.	   “Bioenergy	   generation	   and	   projection	   by	   region”.	   Figure	   from	  
http://www.iea.org/topics/renewables/subtopics/bioenergy/.	  Original	  source:	  IEA,	  (2013),	  
Medium-­‐Term	  Renewable	  Energy	  Market	  Report	  2013,	  OECD/IEA,	  Paris.	  
	  
Despite	   this	   increase,	   the	   fraction	   of	   biofuels	   and	  waste	   in	   the	   total	   primary	   energy	  
supply	  of	   the	  world	   is	   still	   the	   same	  as	   it	  was	   in	  1973:	  only	  10%,	  while	   the	  worlds	   total	  
primary	  energy	  supply	  increased	  from	  256	  EJ	  (6106	  Mteo)	  in	  1973	  to	  560	  EJ	  (13371	  Mteo)	  
in	  2012.	  This	  10%	  also	   includes	  the	  use	  of	  wood	  materials	  as	  fuel	   for	  domestic	  purposes	  
(heating,	   cooking),	   mainly	   in	   undeveloped	   countries.	   Trees	   used	   for	   these	   domestic	  
purposes	  are	  not	  always	   replaced	  by	  new	  ones	  and	   the	  10%	  of	   ‘bio’-­‐energy	   is	   therefore	  
 
not	  necessarily	  100%	  CO2-­‐neutral.	   It	   is	  expected	   that	   the	  world	  primary	  energy	  demand	  
will	   further	   increase	   in	   the	   coming	   future	  with	   in	   average	   1.2%	  per	   year	   until	   (at	   least)	  
2035	   (IEA,	  2014b).	  The	  share	  of	   the	   fossil	   fuels	  decreased	   from	  87	   to	  82%	   in	   the	  period	  
1973-­‐2012,mainly	   due	   to	   the	   relative	   increased	   contributions	   of	   nuclear	   power	   and	  
hydropower	  (IEA,	  2014a)	  and	  some	  scenarios	  predict	  a	  further	  decrease	  to	  approximately	  
76%	   in	  2035	  (2014b).	  Fossil	   fuel	  use	  will	  nevertheless	  still	   increase	   in	  absolute	  numbers.	  
These	   numbers	   about	   primary	   energy	   supply	   and	   demand	   give	   insight	   in	   the	   large	   and	  
increased	   amount	   of	   fossil	   fuels	   that	   are	   used	   in	   the	   world.	   The	   numbers	   explain	   the	  
ongoing	   increase	   in	   atmospheric	   CO2	   concentrations	   (expected:	   0.7%	   per	   year	   for	   the	  
period	  2012-­‐2035;	   IEA	  2014b)	  and	  show	  the	   large	  dependency	  on	   fossil	  energy	   sources.	  
The	  numbers	  also	  show	  the	  challenge	  to	  replace	  these	  high	  calorific	  fossil	  carbon	  sources	  
with	  other,	  sustainable,	  CO2-­‐neutral	  and	  non-­‐carbon	  energy	  sources	  as	  alternatives.	  
	  
The	  ethical	  and	  financial	  values	  of	  products	  and	  flue	  gas	  CO2	  emissions	   increase	  with	  
increasing	   biogenic	   carbon	   fraction.	   For	   producers	   of	   (partly)	   bio-­‐based	  products,	   it	   can	  
therefore	  be	  of	  interest	  to	  determine	  the	  biogenic	  carbon	  fraction	  in	  a	  produced	  product,	  
for	   instance	   if	   such	   a	   product	   is	   to	   be	   sold	   with	   a	   certain	   specified	   biogenic	   carbon	  
content.	  If	  a	  production	  process	  starts	  with	  mixed	  input	  materials	  it	  may	  be	  worthwhile	  to	  
to	   investigate	   in	  what	   ratio	   the	   biogenic	   and	   fossil	   carbon	   fractions	   end	   up	   in	   the	   final	  
products.	  For	  authorities	   it	  can	  be	  of	   interest	   to	  check	   (for	   fraud	   investigation)	  products	  
on	   the	  market	   that	   are	   sold	   as	   ‘100%	  bio-­‐based’,	   but	   could	   also	   have	   been	  made	   from	  
(usually	  cheaper)	  fossil	  carbon	  or	  mixed	  bio-­‐fossil	  waste	  materials.	  	  
In	   EC	   decisions	   2007/589/EC	   and	   2011/540/EU	   to	   establish	   guidelines	   for	   the	  
monitoring	   and	   reporting	   the	   emissions	   of	   CO2	   and	   other	   greenhouse	   gases	   by	   large	  
(industrial)	   companies,	  a	  distinction	   is	  made	  between	  biogenic	  and	   fossil	  CO2	  emissions.	  
Only	  the	  biogenic	  CO2	  can	  be	  emitted	  ‘for	  free’.	  Industrial	  companies	  have	  to	  report	  their	  
biogenic	   and	   fossil	   CO2	   emission	   to	   national	   emission	   authorities.	   As	   soon	   as	   the	  
combustion	  of	  biogenic	   carbon	  materials	  becomes	   financially	  profitable,	   these	   industrial	  
companies	   might	   want	   to	   know	   their	   biogenic	   CO2	   emissions	   exactly.	   The	   emission	  
authorities	   might	   want	   to	   verify	   reported	   biogenic	   and	   fossil	   CO2	   emission	   to	   prevent	  
fraud.	  
In	  all	  these	  cases,	  especially	  with	  unknown	  biogenic	  composition	  of	  the	  ingredients	  of	  
products	   and	   of	   combusted	   fuels,	   a	   determination	   method	   is	   needed	   which	   can	  
distinguish	   between	   biogenic	   and	   fossil	   carbon	   fractions	   and	   which	   can	   accurately	  
quantify	  the	  biogenic	  carbon	  fraction	  in	  the	  product,	  fuel	  or	  flue	  gas	  CO2.	  To	  serve	  fraud	  
identification	  purposes	  the	  method	  should	  also	  be	  independent:	  the	  analysis	  data	  should	  







The	  biogenic	  carbon	   fraction	  of	   (fuel)	  products	  or	   flue	  gas	  CO2	  can	   in	   some	  cases	  be	  
determined	   or	   approximated	   based	   on	   the	   use	   of	   statistics	   or	   specific	   data	   about	   the	  
biogenic	   or	   fossil	   carbon	   origin	   and	   carbon	   content	   of	   the	   ingredients	   of	   (combusted)	  
products.	  For	  flue	  gas	  CO2	  the	  biogenic	  carbon	  fractions	  can	  also	  be	  determined	  based	  on	  
combustion	   parameters,	   which	   are	   different	   for	   biogenic	   and	   fossil	   carbon	   materials	  
(“Balance	   method”,	   Fellner	   et	   al.,	   2007).	   The	   biogenic	   carbon	   fraction	   of	   solid	   waste	  
materials	   is	   sometimes	   determined	   with	   the	   so-­‐called	   ‘selective	   dissolution	   method’	  
(Staber	  et	  al.,	  2008).	  However,	  especially	  for	  legal	  verification	  and	  certification	  purposes,	  
for	  bio-­‐fossil	  carbon	  partitioning	  investigations	  in	  production	  process,	  and	  if	  unknown	  and	  
variable	  mixtures	  of	  biogenic	  and	  fossil	  carbon	  materials	  are	  used	  (like	  in	  waste	  materials),	  
these	   indirect	   determination	   methods	   essentially	   lack	   the	   accuracy	   and	   reliability	   or	  
cannot	   be	   used	   at	   all.	   Instead,	   a	   method	   is	   required	   in	   which	   the	   biogenic	   and	   fossil	  
carbon	   fractions	   can	   be	   directly	   and	   independently	   distinguished	   based	   on	   carbon	  
characteristics	  of	  the	  carbon	  atoms	  themselves.	  Methods	  using	  the	  carbon	  isotope	  14C	  as	  

























1.2	  14C	  as	  tracer	  for	  biogenic	  and	  fossil	  carbon	  fractions	  
In	   14C-­‐based	  methods	   to	   distinguish	   biogenic	   and	   fossil	   carbon	   fractions,	   the	   carbon	  
isotope	  14C	   is	  used	  as	  a	  tracer	   for	  biogenic	  carbon.	  Carbon	  consists	  almost	  exclusively	  of	  
the	  stable	  isotopes	  12C	  (≈99%)	  and	  13C	  (≈1%).	  Less	  then	  10-­‐10	  %	  of	  the	  global	  carbon	  atoms	  
is	   radioactive	   14C	   (t1/2	   =	   5730	   a).	   These	   atoms	   are	   continuously	   produced	   in	   the	   high	  
stratosphere	   by	   nuclear	   reactions	   between	   cosmic	   ray	   neutrons	   and	   N2	   at	   a	   relatively	  
constant	   rate.	   14C	   from	  the	   stratosphere	   is	   then	  oxidized	   to	   14CO2	  and	  mixed	  with	  
12CO2	  
and	  13CO2	  in	  the	  lower	  atmospheric	  layers.	  	  
Plants	  and	  trees	  take	  up	  atmospheric	  CO2,	  a	  mixture	  of	  site-­‐specific	  fractions	  of	  
12CO2,	  
13CO2	   and	  
14CO2,	   by	   photosynthesis.	   Biogenic	   carbon	  materials	   (here	   defined	   as	   carbon	  
taken	   up	   <	   200	   years	   ago	   from	   the	   atmosphere)	   therefore	   contain	   a	   certain	   carbon	  
fraction	   of	   14C.	   As	   soon	   as	   an	   organism	  dies	   the	   uptake	   of	   14C	   atoms	   stops	   and	   the	   14C	  
fraction	   decreases	   in	   time	   (the	   rate	   of	   decay	   is	   used	   in	   dating	   materials).	   Due	   to	   this	  
decay,	   fossil	   carbon	   materials,	   with	   ages	   of	   millions	   of	   years,	   contain	   no	   14C	   anymore.	  
Biogenic	  carbon	  therefore	  has	  a	  certain	  14C	  fraction	  that	  represents	  100%	  biogenic	  carbon,	  
while	   fossil	   carbon	   contains	   no	   14C	   and	   represents	   0%	   biogenic	   carbon.	   If	   biogenic	   and	  
fossil	  carbon	  components	  are	  mixed	  the	  14C	  fraction	  of	  the	  biogenic	  carbon	  is	  diluted	  with	  
the	   14C-­‐free	   fossil	   carbon	   fraction.	   The	   14C	   fraction	   in	   the	   mixed	   material	   will	   then	   be	  
between	   zero	   and	   the	   14C	   fraction	   of	   the	   biogenic	   carbon,	   proportional	   to	   the	   biogenic	  
carbon	  fraction.	  This	  dilution	  principle	  is	  used	  to	  calculate	  the	  biogenic	  carbon	  fraction	  in	  
sample	  materials.	  	  
14Csample	  =	  
14Cbio	  *	  fCbio	  +	  
14Cfos*	  fCfos	   	   	   	   	   (1.1)	  
	  
In	  this	  equation	  1.1,	  14Csample,	  
14Cbio	  and	  
14Cfos	  represent	  the	  fractions	  of	  
14C	  in	  the	  carbon	  of	  
the	   sample,	   the	   biogenic	   carbon	   and	   the	   fossil	   carbon	   respectively,	   as	   measured,	  
calculated	  and	  expressed	  in	  a	  certain	  way,	  as	  explained	  in	  section	  1.3.2.	  fCbio	  and	  fCfos	  are	  
the	   biogenic	   and	   fossil	   carbon	   fractions	   respectively,	   in	   the	   total	   carbon	   fraction	   of	   the	  
sample.	   Combining	   equation	   1.1	   with	   fCfos	   =	   1	   -­‐	   fCbio	   gives	   the	   equation	   for	   the	  
determination	  of	  the	  biogenic	  carbon	  fraction:	  
	  




14Cfos)	   	   	   	   (1.2)	  
	  
As	  the	  14C	  value	  of	  the	  fossil	  carbon,	  fCfos,	  is	  zero	  this	  equation	  can	  be	  simplified	  to:	  
	  
fCbio	  	  =	  
14Csample	  /
14Cbio	  	   	   	   	   	   	   (1.3)	  
	  
Hence,	  to	  quantify	  the	  biogenic	  carbon	  fraction	   in	  a	  sample,	  the	  14C	  value	  of	  the	  sample	  
material	  should	  be	  measured	  and	  then	  divided	  with	  the	  14C	  value	  of	  the	  biogenic	  carbon	  




The	  biogenic	  carbon	   fraction	  of	   (fuel)	  products	  or	   flue	  gas	  CO2	  can	   in	   some	  cases	  be	  
determined	   or	   approximated	   based	   on	   the	   use	   of	   statistics	   or	   specific	   data	   about	   the	  
biogenic	   or	   fossil	   carbon	   origin	   and	   carbon	   content	   of	   the	   ingredients	   of	   (combusted)	  
products.	  For	  flue	  gas	  CO2	  the	  biogenic	  carbon	  fractions	  can	  also	  be	  determined	  based	  on	  
combustion	   parameters,	   which	   are	   different	   for	   biogenic	   and	   fossil	   carbon	   materials	  
(“Balance	   method”,	   Fellner	   et	   al.,	   2007).	   The	   biogenic	   carbon	   fraction	   of	   solid	   waste	  
materials	   is	   sometimes	   determined	   with	   the	   so-­‐called	   ‘selective	   dissolution	   method’	  
(Staber	  et	  al.,	  2008).	  However,	  especially	  for	  legal	  verification	  and	  certification	  purposes,	  
for	  bio-­‐fossil	  carbon	  partitioning	  investigations	  in	  production	  process,	  and	  if	  unknown	  and	  
variable	  mixtures	  of	  biogenic	  and	  fossil	  carbon	  materials	  are	  used	  (like	  in	  waste	  materials),	  
these	   indirect	   determination	   methods	   essentially	   lack	   the	   accuracy	   and	   reliability	   or	  
cannot	   be	   used	   at	   all.	   Instead,	   a	   method	   is	   required	   in	   which	   the	   biogenic	   and	   fossil	  
carbon	   fractions	   can	   be	   directly	   and	   independently	   distinguished	   based	   on	   carbon	  
characteristics	  of	  the	  carbon	  atoms	  themselves.	  Methods	  using	  the	  carbon	  isotope	  14C	  as	  

























1.2	  14C	  as	  tracer	  for	  biogenic	  and	  fossil	  carbon	  fractions	  
In	   14C-­‐based	  methods	   to	   distinguish	   biogenic	   and	   fossil	   carbon	   fractions,	   the	   carbon	  
isotope	  14C	   is	  used	  as	  a	  tracer	   for	  biogenic	  carbon.	  Carbon	  consists	  almost	  exclusively	  of	  
the	  stable	  isotopes	  12C	  (≈99%)	  and	  13C	  (≈1%).	  Less	  then	  10-­‐10	  %	  of	  the	  global	  carbon	  atoms	  
is	   radioactive	   14C	   (t1/2	   =	   5730	   a).	   These	   atoms	   are	   continuously	   produced	   in	   the	   high	  
stratosphere	   by	   nuclear	   reactions	   between	   cosmic	   ray	   neutrons	   and	   N2	   at	   a	   relatively	  
constant	   rate.	   14C	   from	  the	   stratosphere	   is	   then	  oxidized	   to	   14CO2	  and	  mixed	  with	  
12CO2	  
and	  13CO2	  in	  the	  lower	  atmospheric	  layers.	  	  
Plants	  and	  trees	  take	  up	  atmospheric	  CO2,	  a	  mixture	  of	  site-­‐specific	  fractions	  of	  
12CO2,	  
13CO2	   and	  
14CO2,	   by	   photosynthesis.	   Biogenic	   carbon	  materials	   (here	   defined	   as	   carbon	  
taken	   up	   <	   200	   years	   ago	   from	   the	   atmosphere)	   therefore	   contain	   a	   certain	   carbon	  
fraction	   of	   14C.	   As	   soon	   as	   an	   organism	  dies	   the	   uptake	   of	   14C	   atoms	   stops	   and	   the	   14C	  
fraction	   decreases	   in	   time	   (the	   rate	   of	   decay	   is	   used	   in	   dating	   materials).	   Due	   to	   this	  
decay,	   fossil	   carbon	   materials,	   with	   ages	   of	   millions	   of	   years,	   contain	   no	   14C	   anymore.	  
Biogenic	  carbon	  therefore	  has	  a	  certain	  14C	  fraction	  that	  represents	  100%	  biogenic	  carbon,	  
while	   fossil	   carbon	   contains	   no	   14C	   and	   represents	   0%	   biogenic	   carbon.	   If	   biogenic	   and	  
fossil	  carbon	  components	  are	  mixed	  the	  14C	  fraction	  of	  the	  biogenic	  carbon	  is	  diluted	  with	  
the	   14C-­‐free	   fossil	   carbon	   fraction.	   The	   14C	   fraction	   in	   the	   mixed	   material	   will	   then	   be	  
between	   zero	   and	   the	   14C	   fraction	   of	   the	   biogenic	   carbon,	   proportional	   to	   the	   biogenic	  
carbon	  fraction.	  This	  dilution	  principle	  is	  used	  to	  calculate	  the	  biogenic	  carbon	  fraction	  in	  
sample	  materials.	  	  
14Csample	  =	  
14Cbio	  *	  fCbio	  +	  
14Cfos*	  fCfos	   	   	   	   	   (1.1)	  
	  
In	  this	  equation	  1.1,	  14Csample,	  
14Cbio	  and	  
14Cfos	  represent	  the	  fractions	  of	  
14C	  in	  the	  carbon	  of	  
the	   sample,	   the	   biogenic	   carbon	   and	   the	   fossil	   carbon	   respectively,	   as	   measured,	  
calculated	  and	  expressed	  in	  a	  certain	  way,	  as	  explained	  in	  section	  1.3.2.	  fCbio	  and	  fCfos	  are	  
the	   biogenic	   and	   fossil	   carbon	   fractions	   respectively,	   in	   the	   total	   carbon	   fraction	   of	   the	  
sample.	   Combining	   equation	   1.1	   with	   fCfos	   =	   1	   -­‐	   fCbio	   gives	   the	   equation	   for	   the	  
determination	  of	  the	  biogenic	  carbon	  fraction:	  
	  




14Cfos)	   	   	   	   (1.2)	  
	  
As	  the	  14C	  value	  of	  the	  fossil	  carbon,	  fCfos,	  is	  zero	  this	  equation	  can	  be	  simplified	  to:	  
	  
fCbio	  	  =	  
14Csample	  /
14Cbio	  	   	   	   	   	   	   (1.3)	  
	  
Hence,	  to	  quantify	  the	  biogenic	  carbon	  fraction	   in	  a	  sample,	  the	  14C	  value	  of	  the	  sample	  
material	  should	  be	  measured	  and	  then	  divided	  with	  the	  14C	  value	  of	  the	  biogenic	  carbon	  




 1.3	  Determination	  of	  14Csample	  and	  
14Cbio	  
To	  calculate	  the	  biogenic	  carbon	  fraction,	  the	  values	  of	  14Csample	  and	  
14Cbio	  need	  to	  be	  
determined.	   The	  values	  are	  obtained	   from	  carbon	   isotope	  measurements	  of	   the	   carbon	  
fraction	   in	   a	   sample	   combined	  with	   specific	   calculations	   to	   normalize	   and	   calibrate	   the	  
measured	  signals	  to	  a	  certain	  14C	  quantity.	  	  
To	  measure	   the	   carbon	  of	   interest,	   sample	  materials	   are	   first	  pretreated	   to	  obtain	  a	  
pure	  carbon	  fraction	  (as	  graphite	  or	  CO2).	  The	  applied	  pretreatment	  depends	  on	  the	  type	  
of	  sample	  material	  and	  the	  used	  14C	  measurement	  technique.	  In	  general,	  solid	  and	  liquid	  
fuels	  can	  be	  combusted	  directly	  to	  CO2.	  Gas	  samples	  can	  be	  combusted	  directly	  to	  CO2	  as	  
well,	  depending	  on	  the	  composition	  of	  the	  gas	  and	  the	  research	  question.	  In	  case	  of	  gases	  
with	   large	   CO2	   and	   CH4	   fractions	   (raw	   biogas)	   for	   instance,	   these	   fractions	   can	   first	   be	  
separated	  before	  combustion	  of	  the	  CH4	  fraction	  to	  analyze	  the	  fractions	  separately.	  Flue	  
gas	  CO2	  can	  be	  sampled	  in	  an	  alkaline	  solution	  or	  in	  a	  specific	  solid	  absorber	  and	  the	  CO2	  
fraction	  can	  be	  measured	  after	  removal	  from	  the	  absorber	  material.	  If	  flue	  gas	  is	  sampled	  
in	  a	  gasbag,	  the	  CO2	  fraction	  in	  this	  gas	  sample	  first	  needs	  to	  be	  separated	  from	  the	  other	  
gas	   components	   before	   it	   can	   be	   further	   pretreated	   and/or	   analyzed.	   In	   chapters	   2-­‐4	  
different	  pretreatment	  methods	  as	  applied	  by	   the	  Centre	   for	   Isotope	  Research	   for	   fuels	  
and	  flue	  gas	  CO2	  are	  explained	  in	  more	  detail.	  	  
	  
1.3.1	  14C	  measurement	  
Currently	   there	   are	   three	  different	   14C	  measurement	   techniques	   to	  determine	   14C	   in	  
carbon	  samples	  with	  natural	  (low-­‐level)	  14C	  concentrations.	  	  
Proportional	   gas	   counters	   and	   liquid	   scintillation	   counters	   (LSC)	   measure	   signals	  
induced	  by	  beta	  ions	  from	  14C	  decay.	  The	  size	  of	  the	  signal	  is	  proportional	  to	  the	  number	  
of	  14C	  atoms	  in	  the	  detector,	  and	  depends	  on	  the	  total	  amount	  of	  carbon	  introduced	  into	  
the	  detector	  (which	  needs	  to	  be	  determined	  accurately	  as	  well).	  Arnold	  and	  Libby	  (1949)	  
were	   the	   first	   who	   investigated	   the	   measurements	   of	   beta	   ions	   from	   14C	   decay.	   They	  
experimented	  with	  proportional	  gas	  counters	  for	  the	  measurement	  of	  beta	  ions	  from	  the	  
decay	  of	  14C	  in	  bio	  methane	  and	  tried	  detectors	  in	  which	  the	  decay	  counts	  of	  solid	  carbon	  
samples	  were	  measured.	  De	  Vries	  and	  Barendsen	   (1952)	  of	   the	  University	  of	  Groningen	  
further	   improved	   the	   14C-­‐beta	   ion	   detection	   technique	   by	   developing	   gas	   proportional	  
counters	  with	  purified	  sample	  CO2	  as	  counting	  gas	  and	  taking	  specific	  measures	  to	  reduce	  
background	  counts.	  The	  Centre	   for	   Isotope	  Research	  of	   the	  University	  of	  Groningen	  has	  
used	  this	  14CO2	  measurement	  technique	  (with	  some	  adjustments	  in	  time)	  until	  2011.	  	  
The	   LSC	   measurement	   technique	   to	   measure	   14C	   was	   also	   developed	   in	   the	   1950s	  
(Polach,	  1992).	  In	  this	  technique	  the	  carbon	  of	  investigation	  is	  part	  of	  a	  liquid	  cocktail	  with	  
a	  certain	  solvent	  and	  scintillator.	  After	  beta	  decay	  of	  14C,	  the	  energy	  of	  the	  beta	  particles	  is	  
taken	  up	  en	  re-­‐emitted	  by	   the	  solvent	  molecules	  and	  by	   the	  scintillation	  molecules.	  The	  
excited	   scintillation	   molecules	   emit	   photons,	   which	   are	   measured	   by	   photomultiplier	  
 
tubes	  (PMT).	  The	  measured	  PMT	  signal	  is	  proportional	  to	  the	  amount	  of	  14C	  atoms	  in	  the	  
sample	  cocktail.	  
Accelerator	  Mass	  Spectrometry	   (AMS)	   (Purser,	  1992)	   is	   in	  use	   since	   the	  1990s	  as	   14C	  
measurement	  technique.	  The	  technique	  has	  been	  adjusted	  and	  improved	  over	  the	  years	  
(Synal,	   2013).	   The	   carbon	   isotopes	   12C,	   13C	   and	   14C	   in	   the	   investigated	   (and	   purified)	  
carbon	   sample,	   either	   graphite	   or	   CO2,	   are	   ionized	   and	   separated	   from	   each	   other	   and	  
from	  other	  (molecular)	  ions	  based	  on	  differences	  in	  mass/charge	  ratio.	  The	  CIO	  laboratory	  
operates	   since	   1994	   a	   14C-­‐dedicated	   AMS	   system	   based	   on	   a	   2.5	   MV	   Tandetron	  
accelerator	   and	   built	   by	   High	   Voltage	   Engineering	   Europe	   (Wijma	   et	   al.,	   1996).	   The	   14C	  
analyses	  described	  in	  chapters	  2,	  3	  and	  4	  are	  all	  measured	  with	  this	  AMS	  system.	  Figure	  
1.2	  gives	  an	  overview	  of	  this	  particular	  AMS	  system,	  which	  is	  described	  in	  detail	  in	  Wijma	  
et	  al.	  (1996).	  	  
	  
Figure	  1.2.	   Schematic	   setup	  of	   the	   14C-­‐dedicated	  2.5	  MV	  Tandetron	  operated	  by	   the	  CIO	  
laboratory.	  
	  
A	   carrousel	   with	   59	   targets	   with	   graphite	   samples	   is	   placed	   in	   the	   ion	   source.	   This	  
source	  sputters	  Cs	  in	  a	  high	  intensity	  towards	  the	  graphite	  surface	  and	  produces	  a	  C-­‐	  beam	  
by	  irradiation	  of	  the	  graphite.	  During	  a	  sample	  run	  the	  graphite	  target	  is	  sputtered	  several	  
times	   at	   different	   positions	   of	   the	   surface	   area.	   The	   ionized	   carbon	   enters	   the	  
recombinator	  using	  specific	   focusing	   lenses	  and	  magnets.	  The	  very	  abundant	   14N	  atoms,	  
an	   isobar	  of	   14C	   	   (similar	  mass),	  do	  not	  obtain	  a	  negative	  current	  and	  are	  removed	  from	  
the	   carbon	   beam	   before	   entering	   the	   recombinator.	   In	   the	   recombinator	   the	   ions	  with	  
masses	  12,	  13	  and	  14	  are	  first	  separated	  and	  the	  relatively	  large	  12C	  beam	  is	  then	  reduced	  
with	   a	   factor	   of	   about	   90.	   With	   magnets	   the	   separated	   masses	   are	   recombined	   and	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 1.3	  Determination	  of	  14Csample	  and	  
14Cbio	  
To	  calculate	  the	  biogenic	  carbon	  fraction,	  the	  values	  of	  14Csample	  and	  
14Cbio	  need	  to	  be	  
determined.	   The	  values	  are	  obtained	   from	  carbon	   isotope	  measurements	  of	   the	   carbon	  
fraction	   in	   a	   sample	   combined	  with	   specific	   calculations	   to	   normalize	   and	   calibrate	   the	  
measured	  signals	  to	  a	  certain	  14C	  quantity.	  	  
To	  measure	   the	   carbon	  of	   interest,	   sample	  materials	   are	   first	  pretreated	   to	  obtain	  a	  
pure	  carbon	  fraction	  (as	  graphite	  or	  CO2).	  The	  applied	  pretreatment	  depends	  on	  the	  type	  
of	  sample	  material	  and	  the	  used	  14C	  measurement	  technique.	  In	  general,	  solid	  and	  liquid	  
fuels	  can	  be	  combusted	  directly	  to	  CO2.	  Gas	  samples	  can	  be	  combusted	  directly	  to	  CO2	  as	  
well,	  depending	  on	  the	  composition	  of	  the	  gas	  and	  the	  research	  question.	  In	  case	  of	  gases	  
with	   large	   CO2	   and	   CH4	   fractions	   (raw	   biogas)	   for	   instance,	   these	   fractions	   can	   first	   be	  
separated	  before	  combustion	  of	  the	  CH4	  fraction	  to	  analyze	  the	  fractions	  separately.	  Flue	  
gas	  CO2	  can	  be	  sampled	  in	  an	  alkaline	  solution	  or	  in	  a	  specific	  solid	  absorber	  and	  the	  CO2	  
fraction	  can	  be	  measured	  after	  removal	  from	  the	  absorber	  material.	  If	  flue	  gas	  is	  sampled	  
in	  a	  gasbag,	  the	  CO2	  fraction	  in	  this	  gas	  sample	  first	  needs	  to	  be	  separated	  from	  the	  other	  
gas	   components	   before	   it	   can	   be	   further	   pretreated	   and/or	   analyzed.	   In	   chapters	   2-­‐4	  
different	  pretreatment	  methods	  as	  applied	  by	   the	  Centre	   for	   Isotope	  Research	   for	   fuels	  
and	  flue	  gas	  CO2	  are	  explained	  in	  more	  detail.	  	  
	  
1.3.1	  14C	  measurement	  
Currently	   there	   are	   three	  different	   14C	  measurement	   techniques	   to	  determine	   14C	   in	  
carbon	  samples	  with	  natural	  (low-­‐level)	  14C	  concentrations.	  	  
Proportional	   gas	   counters	   and	   liquid	   scintillation	   counters	   (LSC)	   measure	   signals	  
induced	  by	  beta	  ions	  from	  14C	  decay.	  The	  size	  of	  the	  signal	  is	  proportional	  to	  the	  number	  
of	  14C	  atoms	  in	  the	  detector,	  and	  depends	  on	  the	  total	  amount	  of	  carbon	  introduced	  into	  
the	  detector	  (which	  needs	  to	  be	  determined	  accurately	  as	  well).	  Arnold	  and	  Libby	  (1949)	  
were	   the	   first	   who	   investigated	   the	   measurements	   of	   beta	   ions	   from	   14C	   decay.	   They	  
experimented	  with	  proportional	  gas	  counters	  for	  the	  measurement	  of	  beta	  ions	  from	  the	  
decay	  of	  14C	  in	  bio	  methane	  and	  tried	  detectors	  in	  which	  the	  decay	  counts	  of	  solid	  carbon	  
samples	  were	  measured.	  De	  Vries	  and	  Barendsen	   (1952)	  of	   the	  University	  of	  Groningen	  
further	   improved	   the	   14C-­‐beta	   ion	   detection	   technique	   by	   developing	   gas	   proportional	  
counters	  with	  purified	  sample	  CO2	  as	  counting	  gas	  and	  taking	  specific	  measures	  to	  reduce	  
background	  counts.	  The	  Centre	   for	   Isotope	  Research	  of	   the	  University	  of	  Groningen	  has	  
used	  this	  14CO2	  measurement	  technique	  (with	  some	  adjustments	  in	  time)	  until	  2011.	  	  
The	   LSC	   measurement	   technique	   to	   measure	   14C	   was	   also	   developed	   in	   the	   1950s	  
(Polach,	  1992).	  In	  this	  technique	  the	  carbon	  of	  investigation	  is	  part	  of	  a	  liquid	  cocktail	  with	  
a	  certain	  solvent	  and	  scintillator.	  After	  beta	  decay	  of	  14C,	  the	  energy	  of	  the	  beta	  particles	  is	  
taken	  up	  en	  re-­‐emitted	  by	   the	  solvent	  molecules	  and	  by	   the	  scintillation	  molecules.	  The	  
excited	   scintillation	   molecules	   emit	   photons,	   which	   are	   measured	   by	   photomultiplier	  
 
tubes	  (PMT).	  The	  measured	  PMT	  signal	  is	  proportional	  to	  the	  amount	  of	  14C	  atoms	  in	  the	  
sample	  cocktail.	  
Accelerator	  Mass	  Spectrometry	   (AMS)	   (Purser,	  1992)	   is	   in	  use	   since	   the	  1990s	  as	   14C	  
measurement	  technique.	  The	  technique	  has	  been	  adjusted	  and	  improved	  over	  the	  years	  
(Synal,	   2013).	   The	   carbon	   isotopes	   12C,	   13C	   and	   14C	   in	   the	   investigated	   (and	   purified)	  
carbon	   sample,	   either	   graphite	   or	   CO2,	   are	   ionized	   and	   separated	   from	   each	   other	   and	  
from	  other	  (molecular)	  ions	  based	  on	  differences	  in	  mass/charge	  ratio.	  The	  CIO	  laboratory	  
operates	   since	   1994	   a	   14C-­‐dedicated	   AMS	   system	   based	   on	   a	   2.5	   MV	   Tandetron	  
accelerator	   and	   built	   by	   High	   Voltage	   Engineering	   Europe	   (Wijma	   et	   al.,	   1996).	   The	   14C	  
analyses	  described	  in	  chapters	  2,	  3	  and	  4	  are	  all	  measured	  with	  this	  AMS	  system.	  Figure	  
1.2	  gives	  an	  overview	  of	  this	  particular	  AMS	  system,	  which	  is	  described	  in	  detail	  in	  Wijma	  
et	  al.	  (1996).	  	  
	  
Figure	  1.2.	   Schematic	   setup	  of	   the	   14C-­‐dedicated	  2.5	  MV	  Tandetron	  operated	  by	   the	  CIO	  
laboratory.	  
	  
A	   carrousel	   with	   59	   targets	   with	   graphite	   samples	   is	   placed	   in	   the	   ion	   source.	   This	  
source	  sputters	  Cs	  in	  a	  high	  intensity	  towards	  the	  graphite	  surface	  and	  produces	  a	  C-­‐	  beam	  
by	  irradiation	  of	  the	  graphite.	  During	  a	  sample	  run	  the	  graphite	  target	  is	  sputtered	  several	  
times	   at	   different	   positions	   of	   the	   surface	   area.	   The	   ionized	   carbon	   enters	   the	  
recombinator	  using	  specific	   focusing	   lenses	  and	  magnets.	  The	  very	  abundant	   14N	  atoms,	  
an	   isobar	  of	   14C	   	   (similar	  mass),	  do	  not	  obtain	  a	  negative	  current	  and	  are	  removed	  from	  
the	   carbon	   beam	   before	   entering	   the	   recombinator.	   In	   the	   recombinator	   the	   ions	  with	  
masses	  12,	  13	  and	  14	  are	  first	  separated	  and	  the	  relatively	  large	  12C	  beam	  is	  then	  reduced	  




 injected	   into	   the	   Tandetron	   accelerator.	   Here,	   accelerated	   ions	   enter	   a	   terminal	   with	  
argon,	  which	  operates	  at	  +2.5	  MV,	  and	  where	  the	  carbon	  ions	  exchange	  charges	  and	  C3+	  
ions	  are	  produced.	  The	  mass/charge	  ratio	  of	  these	  ions	  is	  so	  specific	  for	  the	  carbon	  ions,	  
that	  most,	  and	  this	  is	  especially	  relevant	  for	  the	  relatively	  low	  amount	  of	  14C	  ions,	  of	  the	  
other	   particles	   can	  be	   removed	   from	   the	   carbon	   ion	  beam,	  based	  on	   the	   charge	  of	   the	  
particles.	  The	  three	  carbon	   isotopes	  are	  then	  separated	   from	  each	  other	   in	   the	  selected	  
3+	   ion	   beam,	   using	   a	   110°	   magnet.	   The	   separated	   12C	   and	   13C	   beams	   are	  measured	   in	  
individual	  Faraday	  cups.	  The	  14C	  ions	  pass	  a	  33°	  electrostatic	  deflector	  and	  a	  90°	  magnet	  
to	   further	   separate	   14C	   particles	   from	   other	   particles	   with	   the	   same	  mass-­‐energy	   (that	  
should	  otherwise	  be	  detected	  as	  well).	  Finally,	   the	  14C	   ions	  are	  detected	   in	  an	   ionization	  
chamber	   filled	  with	   isobutene	   and	   the	  measured	   signal	   is	   read	  out	  with	   a	  multichannel	  
analyzer.	  
	  
Laser-­‐based	  14C	  measurement	  methods	  for	   low-­‐level	  14C	  applications	  are	   investigated	  
since	  approximately	  10	  years.	  Two	  techniques	  have	  been	  proposed.	  The	  first	  is	  detection	  
based	  on	  Cavity	  Ring	  Down	  Spectroscopy	  (CRDS),	  a	  highly	  sensitive	  optical	  technique	  that	  
is	   nowadays	   commercially	   available	   for	   accurate	  on-­‐line	  measurements	   for	   atmospheric	  
trace	  gases	  and	  stable	  isotope	  ratios.	  One	  group	  is	  striving	  to	  reach	  the	  ultimate	  sensitivity	  
needed	  for	  14C	  detection	  at	  levels	  below	  those	  in	  present	  day	  material	  with	  the	  final	  goal	  
to	  make	  the	  technique	  fully	  competitive	  with	  AMS.	  (Galli	  et	  al.,	  2013	  ).	  Other	  groups	  have	  
adapted	  the	  very	  successful	  Picarro	  commercial	  CRDS	  set-­‐up	  for	  14C	  detection,	  aiming	  at	  
use	   for	   applications	   in	   pharmacy	   and	   biomedicine,	  where	   researchers	   use	   samples	   that	  
are	  orders	  of	  magnitude	  enriched	  in	  14C	  (McCartt	  et	  al.,	  2015;	  Genoud	  et	  al.,	  2015).	  
The	   second	   technique	   is	   based	   on	   Intra-­‐Cavity	   Opto-­‐Galvanic	   Spectroscopy	   (ICOGS)	  
and	  is	  in	  use	  for	  atmospheric	  tracer	  measurements	  and	  for	  13C	  in	  breath	  analysis.	  In	  2008	  
Murnick	  et	  al.	  announced	  to	  have	  caused	  a	  breakthrough	   in	  sensitivity.	   In	  this	  paper	  the	  
group	   claimed	   to	   have	   reached	   a	   detection	   limit	   for	   14C	   in	   atmospheric	   CO2	   that	   is	  
comparable	   to	   AMS.	   Several	   groups	   then	   followed	   up	   on	   this,	   among	   which	   also	   the	  
Centre	  for	   Isotope	  Research.	  To	  their	  disappointment,	   the	  results	  were	  not	  reproducible	  
(Persson	  et	  al.,	  2013).	  Just	  recently	  Paul	  and	  Meijer	  (2015)	  in	  our	  group	  finally	  proved	  the	  










1.3.2	  Calculation	  of	  14C	  values	  
The	   14C	   value	   of	   a	   measured	   sample,	   14Csample_measured,	   is	   calculated	   according	   to	  
equation	  1.4.	  The	  value	  is	  usually	  expressed	  in	  ‘%’,	  but	  in	  the	  application	  for	  fuels	  and	  flue	  
gases	  ‘pMC’	  (percent	  Modern	  Carbon)	  is	  also	  used.	  	  The	  use	  of	  ‘pMC’	  as	  unit	  for	  14C	  values	  
instead	  of	   ‘%’	   in	  bio-­‐fossil	   carbon	  measurements	  can	  avoid	  confusion	  between	  reported	  
14C	  values	  and	  biogenic	  carbon	  fractions.	  
	  


















⋅eλ⋅ 1950−tS( ) 	   	   (1.4)	  
	  
This	   particular	   equation	   is,	   by	   convention,	   used	   by	   14C	   laboratories	   to	   calculate	  
atmospheric	  CO2-­‐based	  
14C	  values	  in	  carbon	  materials	  formed	  in	  the	  period	  after	  1950AD,	  
regardless	  the	  type	  of	  sample	  material,	  the	  used	  measurement	  technique,	  the	  variations	  
in	   measurement	   efficiency	   and	   the	   time	   and	   location	   of	   measurement.	   More	   detailed	  
information	  on	  the	  international	  conventions	  and	  their	  history	  can	  be	  found	  in	  Stuiver	  and	  
Polach	  (1977)	  and	  Mook	  and	  van	  der	  Plicht	  (1999).	  	  
The	  given	  symbols	  (of	  ‘a’	  and	  ‘A’)	  are	  equal	  to	  those	  suggested	  by	  Mook	  and	  van	  der	  
Plicht	  (1999).	  The	  symbols	   ‘0’,	   ‘N’,	   ‘S’	  and	  ‘R’	  refer	  to	  the	  application	  of	  normalization	  of	  
the	  reference	  materials	  to	  t0	  =	  1950	  (‘0’),	  normalization	  of	  the	  isotope	  fractionation	  (‘N’),	  
and	   decay	   correction	   (‘S’),	   or	   indicates	   whether	   a	   measured	   abundance	   is	   from	   a	  
reference	  material	  (‘R’).	  The	  equation	  can	  be	  divided	  in	  three	  parts.	  
	  
The	  first	  part,	  ‘
14Asample
14ARN0
’,	  is	  the	  main	  calibration	  part	  of	  the	  measured	  signals.	  It	  relates	  
the	  sizes	  of	  measured	   ‘14C	  signals’	   in	   the	  sample	   (14Asample),	   to	   the	  measured	  signals	  of	  a	  
reference	  material	   for	   which	   the	   14C	   abundance	   is	   set	   equal	   to	   a	   certain	   fixed	   number	  
(‘standard	   activity’,	   valid	   for	   1950	   AD),	   14A0RN.	   For	   AMS	  measurements	   these	  measured	  
signals	   are	   14C/12C	   (or	   sometimes	   14C/13C)	   ion	   count	   ratios,	   and	   for	   proportional	   gas	  
counters	  and	  liquid	  scintillation	  counters	  these	  are	  beta	  decay	  counts	  (in	  Bq).	  	  
In	  this	  part	  of	  the	  equation	  the	  measured	  signal	  is	  standardized	  to	  obtain	  14C	  amounts	  
in	   the	   same	   (relative)	   unit,	   regardless	   the	   used	   measurement	   technique.	   It	   is	   also	  
corrected	  for	  variations	  in	  14C	  signal	  due	  to	  variations	  in	  measurement	  efficiency	  and	  for	  
background	   counts	   of	   14C	   contamination	   from	   the	   laboratory	   pre-­‐treatment	   and	   noise	  





14Asample − 14Abg( ) ⋅measeffsample
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   (1.5)	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 injected	   into	   the	   Tandetron	   accelerator.	   Here,	   accelerated	   ions	   enter	   a	   terminal	   with	  
argon,	  which	  operates	  at	  +2.5	  MV,	  and	  where	  the	  carbon	  ions	  exchange	  charges	  and	  C3+	  
ions	  are	  produced.	  The	  mass/charge	  ratio	  of	  these	  ions	  is	  so	  specific	  for	  the	  carbon	  ions,	  
that	  most,	  and	  this	  is	  especially	  relevant	  for	  the	  relatively	  low	  amount	  of	  14C	  ions,	  of	  the	  
other	   particles	   can	  be	   removed	   from	   the	   carbon	   ion	  beam,	  based	  on	   the	   charge	  of	   the	  
particles.	  The	  three	  carbon	   isotopes	  are	  then	  separated	   from	  each	  other	   in	   the	  selected	  
3+	   ion	   beam,	   using	   a	   110°	   magnet.	   The	   separated	   12C	   and	   13C	   beams	   are	  measured	   in	  
individual	  Faraday	  cups.	  The	  14C	  ions	  pass	  a	  33°	  electrostatic	  deflector	  and	  a	  90°	  magnet	  
to	   further	   separate	   14C	   particles	   from	   other	   particles	   with	   the	   same	  mass-­‐energy	   (that	  
should	  otherwise	  be	  detected	  as	  well).	  Finally,	   the	  14C	   ions	  are	  detected	   in	  an	   ionization	  
chamber	   filled	  with	   isobutene	   and	   the	  measured	   signal	   is	   read	  out	  with	   a	  multichannel	  
analyzer.	  
	  
Laser-­‐based	  14C	  measurement	  methods	  for	   low-­‐level	  14C	  applications	  are	   investigated	  
since	  approximately	  10	  years.	  Two	  techniques	  have	  been	  proposed.	  The	  first	  is	  detection	  
based	  on	  Cavity	  Ring	  Down	  Spectroscopy	  (CRDS),	  a	  highly	  sensitive	  optical	  technique	  that	  
is	   nowadays	   commercially	   available	   for	   accurate	  on-­‐line	  measurements	   for	   atmospheric	  
trace	  gases	  and	  stable	  isotope	  ratios.	  One	  group	  is	  striving	  to	  reach	  the	  ultimate	  sensitivity	  
needed	  for	  14C	  detection	  at	  levels	  below	  those	  in	  present	  day	  material	  with	  the	  final	  goal	  
to	  make	  the	  technique	  fully	  competitive	  with	  AMS.	  (Galli	  et	  al.,	  2013	  ).	  Other	  groups	  have	  
adapted	  the	  very	  successful	  Picarro	  commercial	  CRDS	  set-­‐up	  for	  14C	  detection,	  aiming	  at	  
use	   for	   applications	   in	   pharmacy	   and	   biomedicine,	  where	   researchers	   use	   samples	   that	  
are	  orders	  of	  magnitude	  enriched	  in	  14C	  (McCartt	  et	  al.,	  2015;	  Genoud	  et	  al.,	  2015).	  
The	   second	   technique	   is	   based	   on	   Intra-­‐Cavity	   Opto-­‐Galvanic	   Spectroscopy	   (ICOGS)	  
and	  is	  in	  use	  for	  atmospheric	  tracer	  measurements	  and	  for	  13C	  in	  breath	  analysis.	  In	  2008	  
Murnick	  et	  al.	  announced	  to	  have	  caused	  a	  breakthrough	   in	  sensitivity.	   In	  this	  paper	  the	  
group	   claimed	   to	   have	   reached	   a	   detection	   limit	   for	   14C	   in	   atmospheric	   CO2	   that	   is	  
comparable	   to	   AMS.	   Several	   groups	   then	   followed	   up	   on	   this,	   among	   which	   also	   the	  
Centre	  for	   Isotope	  Research.	  To	  their	  disappointment,	   the	  results	  were	  not	  reproducible	  
(Persson	  et	  al.,	  2013).	  Just	  recently	  Paul	  and	  Meijer	  (2015)	  in	  our	  group	  finally	  proved	  the	  










1.3.2	  Calculation	  of	  14C	  values	  
The	   14C	   value	   of	   a	   measured	   sample,	   14Csample_measured,	   is	   calculated	   according	   to	  
equation	  1.4.	  The	  value	  is	  usually	  expressed	  in	  ‘%’,	  but	  in	  the	  application	  for	  fuels	  and	  flue	  
gases	  ‘pMC’	  (percent	  Modern	  Carbon)	  is	  also	  used.	  	  The	  use	  of	  ‘pMC’	  as	  unit	  for	  14C	  values	  
instead	  of	   ‘%’	   in	  bio-­‐fossil	   carbon	  measurements	  can	  avoid	  confusion	  between	  reported	  
14C	  values	  and	  biogenic	  carbon	  fractions.	  
	  


















⋅eλ⋅ 1950−tS( ) 	   	   (1.4)	  
	  
This	   particular	   equation	   is,	   by	   convention,	   used	   by	   14C	   laboratories	   to	   calculate	  
atmospheric	  CO2-­‐based	  
14C	  values	  in	  carbon	  materials	  formed	  in	  the	  period	  after	  1950AD,	  
regardless	  the	  type	  of	  sample	  material,	  the	  used	  measurement	  technique,	  the	  variations	  
in	   measurement	   efficiency	   and	   the	   time	   and	   location	   of	   measurement.	   More	   detailed	  
information	  on	  the	  international	  conventions	  and	  their	  history	  can	  be	  found	  in	  Stuiver	  and	  
Polach	  (1977)	  and	  Mook	  and	  van	  der	  Plicht	  (1999).	  	  
The	  given	  symbols	  (of	  ‘a’	  and	  ‘A’)	  are	  equal	  to	  those	  suggested	  by	  Mook	  and	  van	  der	  
Plicht	  (1999).	  The	  symbols	   ‘0’,	   ‘N’,	   ‘S’	  and	  ‘R’	  refer	  to	  the	  application	  of	  normalization	  of	  
the	  reference	  materials	  to	  t0	  =	  1950	  (‘0’),	  normalization	  of	  the	  isotope	  fractionation	  (‘N’),	  
and	   decay	   correction	   (‘S’),	   or	   indicates	   whether	   a	   measured	   abundance	   is	   from	   a	  
reference	  material	  (‘R’).	  The	  equation	  can	  be	  divided	  in	  three	  parts.	  
	  
The	  first	  part,	  ‘
14Asample
14ARN0
’,	  is	  the	  main	  calibration	  part	  of	  the	  measured	  signals.	  It	  relates	  
the	  sizes	  of	  measured	   ‘14C	  signals’	   in	   the	  sample	   (14Asample),	   to	   the	  measured	  signals	  of	  a	  
reference	  material	   for	   which	   the	   14C	   abundance	   is	   set	   equal	   to	   a	   certain	   fixed	   number	  
(‘standard	   activity’,	   valid	   for	   1950	   AD),	   14A0RN.	   For	   AMS	  measurements	   these	  measured	  
signals	   are	   14C/12C	   (or	   sometimes	   14C/13C)	   ion	   count	   ratios,	   and	   for	   proportional	   gas	  
counters	  and	  liquid	  scintillation	  counters	  these	  are	  beta	  decay	  counts	  (in	  Bq).	  	  
In	  this	  part	  of	  the	  equation	  the	  measured	  signal	  is	  standardized	  to	  obtain	  14C	  amounts	  
in	   the	   same	   (relative)	   unit,	   regardless	   the	   used	   measurement	   technique.	   It	   is	   also	  
corrected	  for	  variations	  in	  14C	  signal	  due	  to	  variations	  in	  measurement	  efficiency	  and	  for	  
background	   counts	   of	   14C	   contamination	   from	   the	   laboratory	   pre-­‐treatment	   and	   noise	  





14Asample − 14Abg( ) ⋅measeffsample
xRN0 ⋅ 14Aref _meas − 14Abg( ) ⋅measeffref std





If	   the	   sample	   and	   reference	   material	   are	   measured	   with	   the	   same	   measurement	  
efficiencies,	   the	   efficiency	   factor	   ratio	   can	   be	   left	   out.	   xRN0 	  is	   a	   correction	   factor	   which	  
consists	  of	  two	  parts:	  	  
	  















	   	   	   	   	   (1.6)	  
	  
The	   first	  part,	   1
14aRN _ ref0
,	  normalizes	   the	  measured	  14C	  amount	   in	   the	  reference	  material	  
to	   the	   standard	   activity	   value	   as	   defined	   for	   1950	   AD.	  Most	   14C	   laboratories	   use	  Oxalic	  
Acid	   I	   (SRM	  4990B)	   and/or	  Oxalic	   Acid	   II	   (SRM	  4990C)	   as	   reference	  materials.	   Different	  
reference	  materials	  have	   in	  general	  different	   14C	  abundances.	   If	  not	   taken	   into	  account,	  
the	   14C	   abundance	   ratio	   of	   the	   measured	   sample	   material	   with	   the	   reference	   material	  
would	   not	   only	   depend	   on	   the	   14C	   abundance	   in	   the	   sample	   material	   (which	   is	  
investigated),	  but	  would	  also	  depend	  on	   the	  measured	   reference	  material.	   The	  value	  of	  
14Csample_measured	  should	  however	  not	  vary	  with	  used	  reference	  material	  and	  the	  measured	  
14C	  abundances	  of	   the	  reference	  standards	  are	  therefore	  normalized	  to	  a	   fixed	  standard	  
activity	  value.	  14a0RN_ref	  	  is	  the	  1950	  AD	  
14C	  abundance	  of	  the	  reference	  material	  relative	  to	  
the	  standardized	  activity	  value:	  (14Aref_meas	  –	  
14Abg)/
14A0RN	  and	   its	  reciprocal	  value	  gives	  the	  
correction	  factor	  to	  correct	  the	  value	  of	  the	  reference	  material	  to	  the	  standardized	  value.	  	  
1
14aRN _ ref0
	  is	  0.95	  for	  Oxalic	  Acid	  I	  (OXI)	  and	  0.7459	  for	  Oxalic	  Acid	  II	  (OXII).	  	  
	  























respectively),	   the	   measured	   14C	   abundances	   of	   the	   sample	   and	   reference	   material	   are	  
corrected	   for	   isotope	  fractionation.	  The	  14C/13C/12C	  abundance	  ratios	  of	  different	  carbon	  
components	  show	  some	  variation	  due	  to	  mass-­‐dependent	  chemical	  and	  physical	  reaction	  
during	   the	   formation	   (production)	   of	   these	   compounds	   and	   during	   sampling,	   pre-­‐
treatment	   and	  measurement	   of	   the	   carbon.	   This	   is	   called	   isotope	   fractionation	   (Mook,	  
2000).	  Measured	  14C	  abundances	  in	  samples	  with	  the	  same	  biogenic	  carbon	  fraction	  and	  
the	   same	   14Cbio	   value	   can	   therefore	  differ	   if	   the	  differences	   in	   isotope	   fractionation	   rate	  
are	   not	   taken	   into	   account.	   This	   will	   undesirably	   result	   in	   the	   calculation	   of	   different	  




A	  correction	  for	  isotope	  fractionation	  is	  therefore	  applied.	  The	  rate	  of	  fractionation	  as	  
measured	   in	   the	  sample	   is	  normalized	   to	  a	   fixed	  and	  standardized	  value.	  As	   the	   isotope	  
fractionation	  rate	  of	  14C	  is	  difficult	  to	  determine	  based	  on	  changes	  in	  the	  relatively	  small	  
14C	   measurement	   signals,	   the	   correction	   factor	   cannot	   be	   determined	   based	   on	   14C	  
measurements.	  The	  isotope	  fractionation	  correction	  factor	  of	  13C	  on	  the	  other	  hand	  is	  well	  
measurable.	  And	  because	  there	  is	  a	  relatively	  constant	  relation	  between	  the	  fractionation	  
rates	  of	   13C	  and	  14C	   (13α2	  ≈	   14α;	  Mook,	  2000),	   the	   isotope	   fractionation	  correction	   factor	  
for	  the	  measured	  14C	  abundance,	  can	  be	  approximated	  based	  on	  13C	  measurements	  and	  
the	  relation	  in	  isotope	  fractionation	  rates	  between	  13C	  and	  14C.	  
	  
In	   equations	   1.4	   and	   1.6,	   δ13CN	   is	   the	   standardized	   isotope	   fractionation	   value.	   This	  
value	  is	  -­‐25‰	  with	  respect	  to	  the	  international	  13C	  calibration	  material	  VPDB	  (Gonfiantini,	  
1984)	  for	  sample	  materials	  and	  for	  reference	  material	  OXII.	  For	  reference	  material	  OXI	  the	  
value	  for	  normalization	  is	  -­‐19.2‰	  (with	  respect	  to	  VPDB).	  	  
The	  isotope	  fractionation	  value	  of	  a	  sample,	  δ13Csample,	  is	  determined	  by	  measuring	  the	  
13C/12C	   ratio	   with	   Isotope	   Ratio	   Mass	   Spectrometry	   (IRMS)	   and/or	   with	   AMS.	   In	   both	  




13C / 12C( )sample
13C / 12C( )VPDB
−1 	   	   (Usually	  expressed	  in	  ‰)	   	   (1.7)	  
	  
This	   VPDB	  material	   is	   usually	   not	  measured.	   Instead,	   the	  measured	   13C/12C	   ratio	   of	   the	  
sample	   is	   calculated	   relative	   to	   the	  measured	   13C/12C	   ratio	  of	  a	   local	   reference	  material,	  
13C / 12C( )ref _meas 	  (usually	  the	  average	  value	  of	  multiple	  analyses	  in	  the	  same	  measurement	  
batch),	  that	  is	  calibrated	  with	  respect	  to	  VPDB,	  δ13Cref:	  	  
	  
δ 13Csample =
13C / 12C( )sample
13C / 12C( )ref _meas
⋅ 1+δ 13Cref( )−1	   	   	   	   (1.8)	  
	  
In	   this	   equation	   it	   is	   assumed	   that	   all	   variables	   that	   affected	   the	   13C/12C	   ratio	   of	   the	  
reference	  material	  at	  a	  certain	   rate,	   like	  variations	   in	  measured	  signals	  and	  also	   isotope	  
fractionation	  during	  pre-­‐treatment	  and	  measurement	  of	  the	  reference	  material,	  did	  affect	  
the	  13C/12C	  ratio	  of	  the	  sample	  material	  at	  least	  in	  the	  same	  rate.	  In	  that	  case	  the	  effects	  of	  
these	  particular	  variables	  on	  measured	  signals	  of	   the	  sample	  and	  reference	  material	  are	  
ruled	   out	   in	   equation	   1.8.	   The	   measured	   13C/12C	   ratio	   of	   the	   reference	   material	   then	  




If	   the	   sample	   and	   reference	   material	   are	   measured	   with	   the	   same	   measurement	  
efficiencies,	   the	   efficiency	   factor	   ratio	   can	   be	   left	   out.	   xRN0 	  is	   a	   correction	   factor	   which	  
consists	  of	  two	  parts:	  	  
	  















	   	   	   	   	   (1.6)	  
	  
The	   first	  part,	   1
14aRN _ ref0
,	  normalizes	   the	  measured	  14C	  amount	   in	   the	  reference	  material	  
to	   the	   standard	   activity	   value	   as	   defined	   for	   1950	   AD.	  Most	   14C	   laboratories	   use	  Oxalic	  
Acid	   I	   (SRM	  4990B)	   and/or	  Oxalic	   Acid	   II	   (SRM	  4990C)	   as	   reference	  materials.	   Different	  
reference	  materials	  have	   in	  general	  different	   14C	  abundances.	   If	  not	   taken	   into	  account,	  
the	   14C	   abundance	   ratio	   of	   the	   measured	   sample	   material	   with	   the	   reference	   material	  
would	   not	   only	   depend	   on	   the	   14C	   abundance	   in	   the	   sample	   material	   (which	   is	  
investigated),	  but	  would	  also	  depend	  on	   the	  measured	   reference	  material.	   The	  value	  of	  
14Csample_measured	  should	  however	  not	  vary	  with	  used	  reference	  material	  and	  the	  measured	  
14C	  abundances	  of	   the	  reference	  standards	  are	  therefore	  normalized	  to	  a	   fixed	  standard	  
activity	  value.	  14a0RN_ref	  	  is	  the	  1950	  AD	  
14C	  abundance	  of	  the	  reference	  material	  relative	  to	  
the	  standardized	  activity	  value:	  (14Aref_meas	  –	  
14Abg)/
14A0RN	  and	   its	  reciprocal	  value	  gives	  the	  
correction	  factor	  to	  correct	  the	  value	  of	  the	  reference	  material	  to	  the	  standardized	  value.	  	  
1
14aRN _ ref0
	  is	  0.95	  for	  Oxalic	  Acid	  I	  (OXI)	  and	  0.7459	  for	  Oxalic	  Acid	  II	  (OXII).	  	  
	  























respectively),	   the	   measured	   14C	   abundances	   of	   the	   sample	   and	   reference	   material	   are	  
corrected	   for	   isotope	  fractionation.	  The	  14C/13C/12C	  abundance	  ratios	  of	  different	  carbon	  
components	  show	  some	  variation	  due	  to	  mass-­‐dependent	  chemical	  and	  physical	  reaction	  
during	   the	   formation	   (production)	   of	   these	   compounds	   and	   during	   sampling,	   pre-­‐
treatment	   and	  measurement	   of	   the	   carbon.	   This	   is	   called	   isotope	   fractionation	   (Mook,	  
2000).	  Measured	  14C	  abundances	  in	  samples	  with	  the	  same	  biogenic	  carbon	  fraction	  and	  
the	   same	   14Cbio	   value	  can	   therefore	  differ	   if	   the	  differences	   in	   isotope	   fractionation	   rate	  
are	   not	   taken	   into	   account.	   This	   will	   undesirably	   result	   in	   the	   calculation	   of	   different	  




A	  correction	  for	  isotope	  fractionation	  is	  therefore	  applied.	  The	  rate	  of	  fractionation	  as	  
measured	   in	   the	  sample	   is	  normalized	   to	  a	   fixed	  and	  standardized	  value.	  As	   the	   isotope	  
fractionation	  rate	  of	  14C	  is	  difficult	  to	  determine	  based	  on	  changes	  in	  the	  relatively	  small	  
14C	   measurement	   signals,	   the	   correction	   factor	   cannot	   be	   determined	   based	   on	   14C	  
measurements.	  The	  isotope	  fractionation	  correction	  factor	  of	  13C	  on	  the	  other	  hand	  is	  well	  
measurable.	  And	  because	  there	  is	  a	  relatively	  constant	  relation	  between	  the	  fractionation	  
rates	  of	   13C	  and	  14C	   (13α2	  ≈	   14α;	  Mook,	  2000),	   the	   isotope	   fractionation	  correction	   factor	  
for	  the	  measured	  14C	  abundance,	  can	  be	  approximated	  based	  on	  13C	  measurements	  and	  
the	  relation	  in	  isotope	  fractionation	  rates	  between	  13C	  and	  14C.	  
	  
In	   equations	   1.4	   and	   1.6,	   δ13CN	   is	   the	   standardized	   isotope	   fractionation	   value.	   This	  
value	  is	  -­‐25‰	  with	  respect	  to	  the	  international	  13C	  calibration	  material	  VPDB	  (Gonfiantini,	  
1984)	  for	  sample	  materials	  and	  for	  reference	  material	  OXII.	  For	  reference	  material	  OXI	  the	  
value	  for	  normalization	  is	  -­‐19.2‰	  (with	  respect	  to	  VPDB).	  	  
The	  isotope	  fractionation	  value	  of	  a	  sample,	  δ13Csample,	  is	  determined	  by	  measuring	  the	  
13C/12C	   ratio	   with	   Isotope	   Ratio	   Mass	   Spectrometry	   (IRMS)	   and/or	   with	   AMS.	   In	   both	  




13C / 12C( )sample
13C / 12C( )VPDB
−1 	   	   (Usually	  expressed	  in	  ‰)	   	   (1.7)	  
	  
This	   VPDB	  material	   is	   usually	   not	  measured.	   Instead,	   the	  measured	   13C/12C	   ratio	   of	   the	  
sample	   is	   calculated	   relative	   to	   the	  measured	   13C/12C	   ratio	  of	  a	   local	   reference	  material,	  
13C / 12C( )ref _meas 	  (usually	  the	  average	  value	  of	  multiple	  analyses	  in	  the	  same	  measurement	  
batch),	  that	  is	  calibrated	  with	  respect	  to	  VPDB,	  δ13Cref:	  	  
	  
δ 13Csample =
13C / 12C( )sample
13C / 12C( )ref _meas
⋅ 1+δ 13Cref( )−1	   	   	   	   (1.8)	  
	  
In	   this	   equation	   it	   is	   assumed	   that	   all	   variables	   that	   affected	   the	   13C/12C	   ratio	   of	   the	  
reference	  material	  at	  a	  certain	   rate,	   like	  variations	   in	  measured	  signals	  and	  also	   isotope	  
fractionation	  during	  pre-­‐treatment	  and	  measurement	  of	  the	  reference	  material,	  did	  affect	  
the	  13C/12C	  ratio	  of	  the	  sample	  material	  at	  least	  in	  the	  same	  rate.	  In	  that	  case	  the	  effects	  of	  
these	  particular	  variables	  on	  measured	  signals	  of	   the	  sample	  and	  reference	  material	  are	  
ruled	   out	   in	   equation	   1.8.	   The	   measured	   13C/12C	   ratio	   of	   the	   reference	   material	   then	  




 standardized	   to	   a	   certain	   value)	   relative	   to	   the	   VPDB	   standard.	   The	   δ13Cref	   values	   of	  
reference	  materials	  OXI	  and	  OXII	  are	  19.2	  ‰	  and	  -­‐17.8	  ‰,	  respectively,	  with	   respect	   to	  
VPDB	   (Mann,	   1983).	   As	   for	   OXI	   both	   δ13CN	   and	   δ
13Cref	   are	   the	   same,	   the	   fractionation	  
correction	  part	  of	  1.6	  can	  be	  left	  out	  (=	  1).	  
	  
In	  chapter	  3	  the	  isotope	  fractionation	  correction	  of	  the	  sample	  based	  on	  the	  measured	  
δ13Csample	  value	   is	  discussed,	  because	   in	  some	  cases	   (especially	  with	  methane)	  anomalies	  
are	   observed	   in	   the	   final	   calculated	   biogenic	   carbon	   fraction	   if	   the	   contribution	   of	   the	  
fossil	  carbon	  fraction	  to	  the	  δ13Csample	  value	  is	  not	  left	  out.	  
	  
The	   third	  part	  of	   equation	  1.4,	   eλ⋅ 1950−tS( ) ,	   corrects	   the	  measured	   14C	   abundances	  of	  
the	  sample	  and	  the	  reference	  material	  for	  14C	  decay	  since	  1950	  (t0).	  As	  explained,	  the	  
14C	  
abundance	  of	  the	  reference	  material	  is	  corrected	  to	  a	  fixed	  standardized	  value	  that	  is	  valid	  
for	   1950	   AD.	   A	   nowadays-­‐measured	   reference	   material	   (with	   measurement	   time	   tm),	  
however,	   does	   not	   have	   the	   14C	   abundance	   anymore	   that	   was	   calculated	   for	   1950	  
(14a0RN_ref	  std;	  eq.	  1.6),	  due	  to	  decay.	  Hence,	  a	  decay	  correction	  needs	  to	  be	  applied	  to	  the	  
measured	  14C	  abundance	  of	  the	  reference	  material	  to	  obtain	  the	  standardized	  1950-­‐value	  
again:	   eλ⋅ tm−1950( ) .	   For	   sample	   material	   the	   14C	   abundance	   has	   decreased	   in	   the	   time	  
period	  between	  sampling	  (tS)	  and	  measurement	  (tm).	  To	  obtain	  the	  
14C	  abundance	  of	  the	  
material	  direct	  after	  sampling	  a	  correction	  needs	   to	  be	  applied	  as	  well:	   eλ⋅ tm−tS( ) .	  As	   the	  
sample	   and	   reference	   material	   correction	   factors	   are	   divided	   in	   equation	   1.4,	   the	   net	  
decay	  correction	  factor	   in	  this	  equation	   is	   eλ⋅ 1950−tS( ) ,	  with	  λ=ln2/t1/2.	  The	  half-­‐life	  of	  14C,	  
t1/2,	  is	  5730	  a	  (Godwin,	  1962).	  
If,	   in	   the	   calculation	   of	   the	   biogenic	   carbon	   fraction,	   both	   the	   biogenic	   carbon	   in	   a	  
sample	  and	   the	   carbon	   representing	  100%	  biogenic	   carbon	  have	   the	   same	   tS	   value,	   this	  
decay	  correction	  will	  be	  similar	  for	  both	  14Csample_measured	  and	  
14Cbio.	  In	  that	  case	  the	  decay	  
correction	  factor	  cancels	  in	  the	  combined	  equations	  1.3	  and	  1.4	  and	  can	  be	  left	  out	  of	  the	  
calculation.	  This	  can	  be	  of	  interest	  in	  case	  tS	  is	  not	  known	  and	  it	  is	  known	  that	  the	  biogenic	  
carbon	  in	  the	  investigated	  sample	  has	  the	  same	  (time)	  origin	  as	  the	  carbon	  representing	  
the	  14C	  value	  of	  100%	  biogenic	  carbon.	   It	  should	  always	  be	  clear	  whether	  14Csample	  values	  
used	   in	   the	   calculation	   of	   the	   biogenic	   carbon	   fraction	   are	   corrected	   for	   decay	   or	   not.	  
Using	   symbols	   when	   reporting	   14Csample	   can	   help	   to	   identify	   the	   applied	   calculation	  
method:	   14Csample	   symbolized	  with	  
14aN	   is	   only	   corrected	   for	   isotope	   fractionation,	  while	  
symbolized	  with	  14aN





1.3.3	  Definition	  of	  0%	  biogenic	  carbon	  and	  determination	  of	  14Csample	  and	  
14Cbio	  
Equation	  1.3	  is	  the	  general	  equation	  for	  the	  calculation	  of	  the	  biogenic	  carbon	  fraction	  
in	   a	   sample.	   In	   this	   equation	   it	   is	   assumed	   that	   the	   fossil	   carbon	   fraction	   has	   not	  
contributed	  to	  the	  14C	  abundance	  of	  the	  measured	  sample	  carbon.	  In	  those	  cases,	  samples	  
with	  100%	  fossil	  carbon	  and	  thus	  0%	  biogenic	  carbon	  have	  14C	  abundances	  comparable	  to	  
background	   samples.	   The	   practical	   detection	   limit	   of	   the	   current	   14C	   measurement	   is	  
14Csample_measured	  =	  0.1	  -­‐	  0.2	  %.	  For	  dating	  purposes	  this	  would	  correspond	  to	  a	  dating	  limit	  of	  
about	  50	  ka.	  This	  implies	  that	  all	  carbon	  with	  ages	  >50	  ka	  is	  ‘fossil	  carbon’	  (although	  not	  
always	  millions	  of	  years	  old)	  and	  the	  measured	  14C	  abundances	   in	  these	  carbon	  samples	  
represent	  0%	  biogenic	  carbon.	  
	  
In	  general,	  the	  measured	  14C	  value,	  14Csample_measured,	  as	  calculated	  according	  to	  eq.	  1.4	  
will	  be	  used	  as	   the	  value	   for	   14Csample	   in	   the	  calculation	   for	   the	  biogenic	   carbon	   fraction.	  
This	   value	   should,	   however,	   only	   represent	   the	   carbon	   of	   interest.	   In	   some	   cases	   other	  
carbon	  sources,	  from	  the	  same	  sample	  material	  or	  contamination,	  have	  contributed	  to	  the	  
measured	   14C	   value.	   In	   those	   cases	   14Csample	   is	   not	   equal	   to	  
14Csample_measured	   as	   the	  
contributions	  of	  the	  other	  carbon	  sources	  should	  be	  corrected	  for:	  
	  
14Csample =
14Csample_measured −Σ 14C(Ci ) ⋅ f(Ci )( )
f(C _ to be investigated )
	   	   	   	   (1.9)	  
	  
In	   this	   equation	   14Csample	   is	   the	  
14C	   value	   of	   the	   carbon	   for	   which	   the	   biogenic	   carbon	  
fraction	   is	  determined;	  14Csample_measured	   is	  the	  measured	  
14C	  value	   in	  the	  sample	  (eq.	  1.4);	  
f(C_to	  be	   investigate)	   is	   the	   carbon	   fraction	   of	   the	   carbon	   of	   interest	   in	   the	  measured	   carbon;	  
14C(Ci)	   and	   f(Ci)	   are	   the	  
14Csample	   value	   and	   carbon	   fraction	   in	   total	   measured	   carbon	  
respectively,	   of	   each	   carbon	   source	   i	   that	   should	   not	   be	   part	   of	   the	   biogenic	   carbon	  
fraction	  determination.	  
Examples	   of	   these	   kinds	   of	   corrections	   and	  ways	   to	   determine	   the	   carbon	   fractions	  
and	  14C	  values	  of	  particular	  carbon	  sources	  that	  need	  to	  be	  left	  out	  are	  demonstrated	  in	  
chapter	  2	  for	  combustion	  air	  and	  contamination	  (section	  2.2.3;	  eq.	  2.2	  and	  eq.	  2.3).	  
	  
The	  14Cbio	  value	  should	  represent	  the	  
14C	  value	  of	  100%	  biogenic	  carbon.	  Ideally,	  all	  
biogenic	  carbon	  would	  have	  the	  same	  and	  known	  14C	  value;	  then	  this	  value	  would	  be	  a	  
known	  constant	  and	  only	  14Csample	  should	  have	  to	  be	  determined	  for	  the	  biogenic	  fraction	  
calculation.	  Unfortunately,	  this	  14Cbio	  value	  is	  not	  a	  constant,	  as	  it	  is	  determined	  by	  the	  
14CO2	  values	  in	  the	  atmosphere	  and	  these	  are	  very	  variable	  in	  time	  and	  space.	  Besides	  
several	  natural	  variations,	  which	  are	  relatively	  small,	  the	  14CO2	  level	  in	  the	  atmosphere	  has	  
shown	  large	  variations	  over	  the	  last	  century	  due	  to	  different	  anthropogenic	  activities	  
Chapter 1
22
 standardized	   to	   a	   certain	   value)	   relative	   to	   the	   VPDB	   standard.	   The	   δ13Cref	   values	   of	  
reference	  materials	  OXI	  and	  OXII	  are	  19.2	  ‰	  and	  -­‐17.8	  ‰,	  respectively,	  with	   respect	   to	  
VPDB	   (Mann,	   1983).	   As	   for	   OXI	   both	   δ13CN	   and	   δ
13Cref	   are	   the	   same,	   the	   fractionation	  
correction	  part	  of	  1.6	  can	  be	  left	  out	  (=	  1).	  
	  
In	  chapter	  3	  the	  isotope	  fractionation	  correction	  of	  the	  sample	  based	  on	  the	  measured	  
δ13Csample	  value	   is	  discussed,	  because	   in	  some	  cases	   (especially	  with	  methane)	  anomalies	  
are	   observed	   in	   the	   final	   calculated	   biogenic	   carbon	   fraction	   if	   the	   contribution	   of	   the	  
fossil	  carbon	  fraction	  to	  the	  δ13Csample	  value	  is	  not	  left	  out.	  
	  
The	   third	  part	  of	   equation	  1.4,	   eλ⋅ 1950−tS( ) ,	   corrects	   the	  measured	   14C	   abundances	  of	  
the	  sample	  and	  the	  reference	  material	  for	  14C	  decay	  since	  1950	  (t0).	  As	  explained,	  the	  
14C	  
abundance	  of	  the	  reference	  material	  is	  corrected	  to	  a	  fixed	  standardized	  value	  that	  is	  valid	  
for	   1950	   AD.	   A	   nowadays-­‐measured	   reference	   material	   (with	   measurement	   time	   tm),	  
however,	   does	   not	   have	   the	   14C	   abundance	   anymore	   that	   was	   calculated	   for	   1950	  
(14a0RN_ref	  std;	  eq.	  1.6),	  due	  to	  decay.	  Hence,	  a	  decay	  correction	  needs	  to	  be	  applied	  to	  the	  
measured	  14C	  abundance	  of	  the	  reference	  material	  to	  obtain	  the	  standardized	  1950-­‐value	  
again:	   eλ⋅ tm−1950( ) .	   For	   sample	   material	   the	   14C	   abundance	   has	   decreased	   in	   the	   time	  
period	  between	  sampling	  (tS)	  and	  measurement	  (tm).	  To	  obtain	  the	  
14C	  abundance	  of	  the	  
material	  direct	  after	  sampling	  a	  correction	  needs	   to	  be	  applied	  as	  well:	   eλ⋅ tm−tS( ) .	  As	   the	  
sample	   and	   reference	   material	   correction	   factors	   are	   divided	   in	   equation	   1.4,	   the	   net	  
decay	  correction	  factor	   in	  this	  equation	   is	   eλ⋅ 1950−tS( ) ,	  with	  λ=ln2/t1/2.	  The	  half-­‐life	  of	  14C,	  
t1/2,	  is	  5730	  a	  (Godwin,	  1962).	  
If,	   in	   the	   calculation	   of	   the	   biogenic	   carbon	   fraction,	   both	   the	   biogenic	   carbon	   in	   a	  
sample	  and	   the	   carbon	   representing	  100%	  biogenic	   carbon	  have	   the	   same	   tS	   value,	   this	  
decay	  correction	  will	  be	  similar	  for	  both	  14Csample_measured	  and	  
14Cbio.	  In	  that	  case	  the	  decay	  
correction	  factor	  cancels	  in	  the	  combined	  equations	  1.3	  and	  1.4	  and	  can	  be	  left	  out	  of	  the	  
calculation.	  This	  can	  be	  of	  interest	  in	  case	  tS	  is	  not	  known	  and	  it	  is	  known	  that	  the	  biogenic	  
carbon	  in	  the	  investigated	  sample	  has	  the	  same	  (time)	  origin	  as	  the	  carbon	  representing	  
the	  14C	  value	  of	  100%	  biogenic	  carbon.	   It	  should	  always	  be	  clear	  whether	  14Csample	  values	  
used	   in	   the	   calculation	   of	   the	   biogenic	   carbon	   fraction	   are	   corrected	   for	   decay	   or	   not.	  
Using	   symbols	   when	   reporting	   14Csample	   can	   help	   to	   identify	   the	   applied	   calculation	  
method:	   14Csample	   symbolized	  with	  
14aN	   is	   only	   corrected	   for	   isotope	   fractionation,	  while	  
symbolized	  with	  14aN





1.3.3	  Definition	  of	  0%	  biogenic	  carbon	  and	  determination	  of	  14Csample	  and	  
14Cbio	  
Equation	  1.3	  is	  the	  general	  equation	  for	  the	  calculation	  of	  the	  biogenic	  carbon	  fraction	  
in	   a	   sample.	   In	   this	   equation	   it	   is	   assumed	   that	   the	   fossil	   carbon	   fraction	   has	   not	  
contributed	  to	  the	  14C	  abundance	  of	  the	  measured	  sample	  carbon.	  In	  those	  cases,	  samples	  
with	  100%	  fossil	  carbon	  and	  thus	  0%	  biogenic	  carbon	  have	  14C	  abundances	  comparable	  to	  
background	   samples.	   The	   practical	   detection	   limit	   of	   the	   current	   14C	   measurement	   is	  
14Csample_measured	  =	  0.1	  -­‐	  0.2	  %.	  For	  dating	  purposes	  this	  would	  correspond	  to	  a	  dating	  limit	  of	  
about	  50	  ka.	  This	  implies	  that	  all	  carbon	  with	  ages	  >50	  ka	  is	  ‘fossil	  carbon’	  (although	  not	  
always	  millions	  of	  years	  old)	  and	  the	  measured	  14C	  abundances	   in	  these	  carbon	  samples	  
represent	  0%	  biogenic	  carbon.	  
	  
In	  general,	  the	  measured	  14C	  value,	  14Csample_measured,	  as	  calculated	  according	  to	  eq.	  1.4	  
will	  be	  used	  as	   the	  value	   for	   14Csample	   in	   the	  calculation	   for	   the	  biogenic	   carbon	   fraction.	  
This	   value	   should,	   however,	   only	   represent	   the	   carbon	   of	   interest.	   In	   some	   cases	   other	  
carbon	  sources,	  from	  the	  same	  sample	  material	  or	  contamination,	  have	  contributed	  to	  the	  
measured	   14C	   value.	   In	   those	   cases	   14Csample	   is	   not	   equal	   to	  
14Csample_measured	   as	   the	  
contributions	  of	  the	  other	  carbon	  sources	  should	  be	  corrected	  for:	  
	  
14Csample =
14Csample_measured −Σ 14C(Ci ) ⋅ f(Ci )( )
f(C _ to be investigated )
	   	   	   	   (1.9)	  
	  
In	   this	   equation	   14Csample	   is	   the	  
14C	   value	   of	   the	   carbon	   for	   which	   the	   biogenic	   carbon	  
fraction	   is	  determined;	  14Csample_measured	   is	  the	  measured	  
14C	  value	   in	  the	  sample	  (eq.	  1.4);	  
f(C_to	  be	   investigate)	   is	   the	   carbon	   fraction	   of	   the	   carbon	   of	   interest	   in	   the	  measured	   carbon;	  
14C(Ci)	   and	   f(Ci)	   are	   the	  
14Csample	   value	   and	   carbon	   fraction	   in	   total	   measured	   carbon	  
respectively,	   of	   each	   carbon	   source	   i	   that	   should	   not	   be	   part	   of	   the	   biogenic	   carbon	  
fraction	  determination.	  
Examples	   of	   these	   kinds	   of	   corrections	   and	  ways	   to	   determine	   the	   carbon	   fractions	  
and	  14C	  values	  of	  particular	  carbon	  sources	  that	  need	  to	  be	  left	  out	  are	  demonstrated	  in	  
chapter	  2	  for	  combustion	  air	  and	  contamination	  (section	  2.2.3;	  eq.	  2.2	  and	  eq.	  2.3).	  
	  
The	  14Cbio	  value	  should	  represent	  the	  
14C	  value	  of	  100%	  biogenic	  carbon.	  Ideally,	  all	  
biogenic	  carbon	  would	  have	  the	  same	  and	  known	  14C	  value;	  then	  this	  value	  would	  be	  a	  
known	  constant	  and	  only	  14Csample	  should	  have	  to	  be	  determined	  for	  the	  biogenic	  fraction	  
calculation.	  Unfortunately,	  this	  14Cbio	  value	  is	  not	  a	  constant,	  as	  it	  is	  determined	  by	  the	  
14CO2	  values	  in	  the	  atmosphere	  and	  these	  are	  very	  variable	  in	  time	  and	  space.	  Besides	  
several	  natural	  variations,	  which	  are	  relatively	  small,	  the	  14CO2	  level	  in	  the	  atmosphere	  has	  




 (Levin	  and	  Hesshaimer,	  2000;	  Levin	  et	  al.,	  2010;	  Hua	  et	  al.,	  2013).	  Suess	  (1955)	  noticed	  a	  
small	  decreasing	  trend	  in	  the	  atmospheric	  14CO2	  values	  (measured	  in	  tree-­‐rings)	  of	  the	  
period	  1875-­‐1953.	  This	  trend	  is	  related	  to	  the	  increasing	  combustion	  of	  fossil	  fuels.	  The	  
main	  annual	  changes	  in	  the	  14CO2	  values	  of	  the	  atmosphere	  over	  the	  last	  60	  years,	  
however,	  are	  related	  to	  aboveground	  nuclear	  bomb	  tests	  in	  the	  1950s	  and	  1960s.	  These	  
bomb	  tests	  almost	  doubled	  the	  14CO2	  values	  in	  the	  atmosphere	  within	  5	  years	  time,	  with	  a	  
maximum	  in	  1963.	  In	  1963	  an	  international	  treaty	  banned	  the	  aboveground	  tests.	  Since	  
then,	  the	  atmospheric	  14CO2	  values	  decreased	  annually,	  mainly	  due	  to	  carbon	  exchange	  
between	  the	  atmosphere	  and	  the	  oceans	  and	  biosphere.	  Current	  atmospheric	  14CO2	  levels	  
are	  close	  to	  the	  level	  before	  the	  nuclear	  bomb	  tests,	  but	  will	  further	  decrease	  with	  
continuing	  fossil	  fuel-­‐derived	  CO2	  emissions	  (‘Suess-­‐effect’).	  
	  
The	  14Cbio	  value	  of	  the	  biogenic	  carbon	  fraction	  in	  a	  sample	  therefore	  depends	  on	  the	  
time	  period	  in	  which	  plants	  or	  trees	  (the	  original	  material	  of	  biogenic	  materials)	  have	  
taken	  up	  14CO2	  and	  depends	  also	  on	  the	  location	  (see	  Palstra	  et	  al.,	  2008	  for	  an	  example	  of	  
temporal	  and	  spatial	  variation	  in	  14C	  values	  measured	  in	  wine-­‐ethanol).	  If	  a	  sample	  
material	  contains	  carbon	  from	  different	  biogenic	  materials	  originating	  from	  different	  
batches	  of	  plants	  and/or	  different	  species,	  then	  the	  14Cbio	  value	  of	  a	  sample	  will	  be	  the	  
average	  of	  all	  individual	  14Cbio	  values,	  weighted	  by	  their	  carbon	  share	  in	  the	  total	  material.	  
Hence,	  14Cbio	  values	  are	  sample	  specific	  and	  need	  to	  be	  determined	  for	  each	  sample	  
individually.	  The	  best	  way	  to	  determine	  14Cbio	  for	  a	  specific	  sample	  is,	  obviously,	  by	  
measuring	  the	  14C	  value	  of	  this	  biogenic	  carbon	  fraction.	  However,	  this	  biogenic	  carbon	  
(mixture)	  is	  usually	  not	  separately	  available	  (e.g.	  in	  waste	  materials)	  or	  representatively	  
measurable	  (e.g.	  mixtures	  of	  solid	  materials	  with	  variable	  14C	  values).	  In	  these	  cases	  the	  
14Cbio	  value	  of	  a	  sample	  needs	  to	  be	  approximated	  based	  on	  atmospheric	  
14CO2	  data,	  
combined	  with	  information	  about	  the	  (time)	  origin	  of	  the	  biogenic	  carbon	  fraction.	  An	  














1.4	  Application	  of	  14C-­‐based	  methods	  for	  fuels	  and	  flue	  gases	  
14C-­‐based	  methods,	   in	  which	   14C	  measurements	   are	   used	   to	   determine	   the	   biogenic	  
carbon	   fraction	   in	   a	   sample	   material,	   are	   investigated	   and	   applied	   since	   the	   1950s	   in	  
different	   research	   fields.	   The	  general	   principle	  of	   these	  methods	   is	   very	   straightforward	  
and	  this	  makes	  it	  applicable	  for	  a	  wide	  range	  of	  sample	  materials.	  It	  is,	  for	  instance,	  used	  
in	   atmospheric	   research	   for	   the	   investigation	   of	   atmospheric	   carbonaceous	   gases	   and	  
aerosols	  (Clayton	  et	  al.,	  1955;	  Currie	  et	  al.,	  1994,	  Zondervan	  and	  Meijer,	  1996)	  and	  in	  food	  
authenticity	  research	  (Simon	  et	  al.,	  1968).	  With	  the	  increasing	  interest	   in	  the	  production	  
and	   combustion	   of	   bio-­‐based	   (fuels)	   products	   and	   quantification	   of	   biogenic	   CO2	  
emissions,	  a	  new	  application	  has	  been	  found.	  Approximately	  10	  years	  ago	  the	  first	  papers	  
were	   published	   about	   the	   application	   of	   14C-­‐based	   methods	   for	   the	   biogenic	   carbon	  
fraction	  determination	   in	  different	  manufactured	  products	   (Norton	  et	  al.,	  2007;	  Kunioka	  
et	  al.	  2007),	  liquid	  fuels	  (Dijs	  et	  al.,	  2006),	  solid	  fuels	  (Staber	  et	  al.,	  2008)	  and	  flue	  gas	  CO2	  
from	  waste	   incinerators	   (Mohn	   et	   al.,	   2008).	   Since	   then,	  many	   other	   publications	   have	  
followed.	  	  
	  
Given	  the	  fundamental	  simplicity	  of	  the	  use,	  the	  well-­‐established	  analysis	  of	  14C	  from	  
any	  source	  and	  the	  available	  routine	  sample	  pre-­‐treatments,	  methodological	  research	  of	  
the	   14C-­‐based	   methods	   might	   seem	   superfluous.	   The	   accuracy	   and	   reliability	   of	   a	   14C-­‐
based	   biogenic	   carbon	   fraction,	   however,	   depend	   on	   different	   aspects	   such	   as	  
representative	   carbon	   selection	   and	   using	   an	   accurate	   14Cbio	   value.	   The	   importance	   of	  
these	   aspects	   varies	   for	   different	   sample	   materials	   and	   therefore	   they	   need	   to	   be	  
identified	   for	   each	   sample	   type,	   such	   that	   they	   can	   be	   taken	   into	   account	   if	   necessary.	  
Whether	  these	  aspects	  should	  be	  taken	  into	  account	  in	  the	  measurement	  of	  the	  biogenic	  
carbon	  fraction	  depends	  on	  the	  desired	  accuracy	  of	  the	  result	  and/or	  the	  purpose	  of	  the	  
analyses:	  verification	  (and	  possible	  fraud	  detection)	  of	  product	  claims	  might	  require	  more	  
accuracy	  than	  a	  quick	  product	  scan.	  
	  
This	  thesis	  describes	  the	  results	  of	  three	  studies	  (Palstra	  and	  Meijer,	  2010;	  Palstra	  and	  
Meijer,	   2014;	   Palstra	   et	   al.,	   2015)	   in	  which	   different	  methodological	   aspects	   of	   the	   14C-­‐
based	   biogenic	   carbon	   fraction	  measurement	  were	   investigated.	   The	   application	   of	   14C-­‐
based	   methods	   was	   investigated	   for	   different	   types	   of	   fuel	   gases	   and	   flue	   gases.	   In	  
chapter	  2	  the	  results	  are	  given	  of	  a	  study	  in	  which	  the	  biogenic	  carbon	  fractions	  of	  flue	  gas	  
CO2	  samples	  were	  determined	  at	  a	  power	  plant	  and	  a	  waste	   incineration	  plant.	  The	  
14C-­‐
based	  results	  of	  the	  power	  plant	  were,	   for	  verification	  of	  the	  applied	  14C-­‐based	  method,	  
compared	  with	  biogenic	  carbon	  fractions	  as	  calculated	  based	  on	  carbon	  composition	  and	  
flow	  data	   of	   the	   separate	   biogenic	   and	   fossil	   fuel	  materials	   (wood	   and	   coal).	   Chapter	   3	  
describes	   and	   quantifies	   the	   main	   uncertainty	   factors	   in	   the	   biogenic	   carbon	   fraction	  
measurement	   for	   fuel	   gases	   (in	   particular	   methane).	   The	   application	   of	   a	   14C-­‐based	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 (Levin	  and	  Hesshaimer,	  2000;	  Levin	  et	  al.,	  2010;	  Hua	  et	  al.,	  2013).	  Suess	  (1955)	  noticed	  a	  
small	  decreasing	  trend	  in	  the	  atmospheric	  14CO2	  values	  (measured	  in	  tree-­‐rings)	  of	  the	  
period	  1875-­‐1953.	  This	  trend	  is	  related	  to	  the	  increasing	  combustion	  of	  fossil	  fuels.	  The	  
main	  annual	  changes	  in	  the	  14CO2	  values	  of	  the	  atmosphere	  over	  the	  last	  60	  years,	  
however,	  are	  related	  to	  aboveground	  nuclear	  bomb	  tests	  in	  the	  1950s	  and	  1960s.	  These	  
bomb	  tests	  almost	  doubled	  the	  14CO2	  values	  in	  the	  atmosphere	  within	  5	  years	  time,	  with	  a	  
maximum	  in	  1963.	  In	  1963	  an	  international	  treaty	  banned	  the	  aboveground	  tests.	  Since	  
then,	  the	  atmospheric	  14CO2	  values	  decreased	  annually,	  mainly	  due	  to	  carbon	  exchange	  
between	  the	  atmosphere	  and	  the	  oceans	  and	  biosphere.	  Current	  atmospheric	  14CO2	  levels	  
are	  close	  to	  the	  level	  before	  the	  nuclear	  bomb	  tests,	  but	  will	  further	  decrease	  with	  
continuing	  fossil	  fuel-­‐derived	  CO2	  emissions	  (‘Suess-­‐effect’).	  
	  
The	  14Cbio	  value	  of	  the	  biogenic	  carbon	  fraction	  in	  a	  sample	  therefore	  depends	  on	  the	  
time	  period	  in	  which	  plants	  or	  trees	  (the	  original	  material	  of	  biogenic	  materials)	  have	  
taken	  up	  14CO2	  and	  depends	  also	  on	  the	  location	  (see	  Palstra	  et	  al.,	  2008	  for	  an	  example	  of	  
temporal	  and	  spatial	  variation	  in	  14C	  values	  measured	  in	  wine-­‐ethanol).	  If	  a	  sample	  
material	  contains	  carbon	  from	  different	  biogenic	  materials	  originating	  from	  different	  
batches	  of	  plants	  and/or	  different	  species,	  then	  the	  14Cbio	  value	  of	  a	  sample	  will	  be	  the	  
average	  of	  all	  individual	  14Cbio	  values,	  weighted	  by	  their	  carbon	  share	  in	  the	  total	  material.	  
Hence,	  14Cbio	  values	  are	  sample	  specific	  and	  need	  to	  be	  determined	  for	  each	  sample	  
individually.	  The	  best	  way	  to	  determine	  14Cbio	  for	  a	  specific	  sample	  is,	  obviously,	  by	  
measuring	  the	  14C	  value	  of	  this	  biogenic	  carbon	  fraction.	  However,	  this	  biogenic	  carbon	  
(mixture)	  is	  usually	  not	  separately	  available	  (e.g.	  in	  waste	  materials)	  or	  representatively	  
measurable	  (e.g.	  mixtures	  of	  solid	  materials	  with	  variable	  14C	  values).	  In	  these	  cases	  the	  
14Cbio	  value	  of	  a	  sample	  needs	  to	  be	  approximated	  based	  on	  atmospheric	  
14CO2	  data,	  
combined	  with	  information	  about	  the	  (time)	  origin	  of	  the	  biogenic	  carbon	  fraction.	  An	  














1.4	  Application	  of	  14C-­‐based	  methods	  for	  fuels	  and	  flue	  gases	  
14C-­‐based	  methods,	   in	  which	   14C	  measurements	   are	   used	   to	   determine	   the	   biogenic	  
carbon	   fraction	   in	   a	   sample	   material,	   are	   investigated	   and	   applied	   since	   the	   1950s	   in	  
different	   research	   fields.	   The	  general	   principle	  of	   these	  methods	   is	   very	   straightforward	  
and	  this	  makes	  it	  applicable	  for	  a	  wide	  range	  of	  sample	  materials.	  It	  is,	  for	  instance,	  used	  
in	   atmospheric	   research	   for	   the	   investigation	   of	   atmospheric	   carbonaceous	   gases	   and	  
aerosols	  (Clayton	  et	  al.,	  1955;	  Currie	  et	  al.,	  1994,	  Zondervan	  and	  Meijer,	  1996)	  and	  in	  food	  
authenticity	  research	  (Simon	  et	  al.,	  1968).	  With	  the	  increasing	  interest	   in	  the	  production	  
and	   combustion	   of	   bio-­‐based	   (fuels)	   products	   and	   quantification	   of	   biogenic	   CO2	  
emissions,	  a	  new	  application	  has	  been	  found.	  Approximately	  10	  years	  ago	  the	  first	  papers	  
were	   published	   about	   the	   application	   of	   14C-­‐based	   methods	   for	   the	   biogenic	   carbon	  
fraction	  determination	   in	  different	  manufactured	  products	   (Norton	  et	  al.,	  2007;	  Kunioka	  
et	  al.	  2007),	  liquid	  fuels	  (Dijs	  et	  al.,	  2006),	  solid	  fuels	  (Staber	  et	  al.,	  2008)	  and	  flue	  gas	  CO2	  
from	  waste	   incinerators	   (Mohn	   et	   al.,	   2008).	   Since	   then,	  many	   other	   publications	   have	  
followed.	  	  
	  
Given	  the	  fundamental	  simplicity	  of	  the	  use,	  the	  well-­‐established	  analysis	  of	  14C	  from	  
any	  source	  and	  the	  available	  routine	  sample	  pre-­‐treatments,	  methodological	  research	  of	  
the	   14C-­‐based	   methods	   might	   seem	   superfluous.	   The	   accuracy	   and	   reliability	   of	   a	   14C-­‐
based	   biogenic	   carbon	   fraction,	   however,	   depend	   on	   different	   aspects	   such	   as	  
representative	   carbon	   selection	   and	   using	   an	   accurate	   14Cbio	   value.	   The	   importance	   of	  
these	   aspects	   varies	   for	   different	   sample	   materials	   and	   therefore	   they	   need	   to	   be	  
identified	   for	   each	   sample	   type,	   such	   that	   they	   can	   be	   taken	   into	   account	   if	   necessary.	  
Whether	  these	  aspects	  should	  be	  taken	  into	  account	  in	  the	  measurement	  of	  the	  biogenic	  
carbon	  fraction	  depends	  on	  the	  desired	  accuracy	  of	  the	  result	  and/or	  the	  purpose	  of	  the	  
analyses:	  verification	  (and	  possible	  fraud	  detection)	  of	  product	  claims	  might	  require	  more	  
accuracy	  than	  a	  quick	  product	  scan.	  
	  
This	  thesis	  describes	  the	  results	  of	  three	  studies	  (Palstra	  and	  Meijer,	  2010;	  Palstra	  and	  
Meijer,	   2014;	   Palstra	   et	   al.,	   2015)	   in	  which	   different	  methodological	   aspects	   of	   the	   14C-­‐
based	   biogenic	   carbon	   fraction	  measurement	  were	   investigated.	   The	   application	   of	   14C-­‐
based	   methods	   was	   investigated	   for	   different	   types	   of	   fuel	   gases	   and	   flue	   gases.	   In	  
chapter	  2	  the	  results	  are	  given	  of	  a	  study	  in	  which	  the	  biogenic	  carbon	  fractions	  of	  flue	  gas	  
CO2	  samples	  were	  determined	  at	  a	  power	  plant	  and	  a	  waste	   incineration	  plant.	  The	  
14C-­‐
based	  results	  of	  the	  power	  plant	  were,	   for	  verification	  of	  the	  applied	  14C-­‐based	  method,	  
compared	  with	  biogenic	  carbon	  fractions	  as	  calculated	  based	  on	  carbon	  composition	  and	  
flow	  data	   of	   the	   separate	   biogenic	   and	   fossil	   fuel	  materials	   (wood	   and	   coal).	   Chapter	   3	  
describes	   and	   quantifies	   the	   main	   uncertainty	   factors	   in	   the	   biogenic	   carbon	   fraction	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  process	  of	   synthetic	  
natural	   gas	   from	   a	   mixture	   of	   wood	   and	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   is	   demonstrated	   in	   chapter	   4.	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chapter	  5	  gives	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The	  14C	  method	  is	  a	  very	  reliable	  and	  sensitive	  method	  for	  industrial	  plants,	  emission	  
authorities	   and	   emission	   inventories	   to	   verify	   data	   estimations	   of	   biogenic	   fractions	   of	  
fuel-­‐derived	   CO2	   emissions.	   The	   applicability	   of	   the	   method	   is	   shown	   for	   flue	   gas	   CO2	  
samples	  that	  were	  sampled	  in	  1-­‐hour	  time	  intervals	  at	  a	  coal-­‐	  and	  wood-­‐fired	  power	  plant	  
and	   a	   waste	   incineration	   plant.	   Biogenic	   fuel	   CO2	   fractions	   of	   5-­‐10%	   and	   48-­‐50%	  were	  
measured	  at	  a	  power	  plant	  and	  a	  waste	  incineration	  plant,	  respectively.	  The	  reliability	  of	  
the	  14C	  method	  was	  proven	  by	  comparison	  of	  the	  power	  plant	  14C-­‐based	  results	  with	  those	  
based	  on	  carbon	  mass	  input	  and	  output	  data	  of	  the	  power	  plant.	  At	  industrial	  plants	  with	  
relatively	   low	   biogenic	   fuel	   CO2	   fraction	   (<	   10%)	   the	   results	   need	   to	   be	   corrected	   for	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 2.1	  Introduction	  
To	  monitor	  and	  verify	  the	  biogenic	  and	  fossil	  CO2	  composition	  of	  emitted	  flue	  gas	  CO2	  
from	  combusted	  fuels	  at	   industrial	  and	  energy	  plants,	  reliable	  and	  accurate	  methods	  are	  
required.	   At	   an	   industrial	   plant,	   the	  most	   direct	   way	   to	   determine	   the	   partition	   of	   the	  
biogenic	  and	  fossil	  fuel-­‐derived	  CO2	  emissions	  is	  to	  investigate	  the	  flue	  gas	  CO2	  itself.	  If	  the	  
composition	  of	  the	  fuel	  mixture	  is	  completely	  unknown	  it	  is	  in	  fact	  the	  only	  reliable	  way.	  
Quantification	   of	   the	   biogenic	   and	   fossil	   fuel-­‐derived	   CO2	   fractions	   in	   flue	   gas	   has	   been	  
demonstrated	  by	  using	  the	  14C	  method	  (Mohn	  et	  al.,	  2008;	  Reinhardt	  et	  al.,	  2008;	  Staber	  
et	  al.,	  2008)	  and	  the	  balance	  method	  (Fellner	  et	  al.,	  2007).	  
	  
Although	  the	  analysis	  of	   14C	   itself	   is	  well	  established,	   the	  new	  application	  of	   the	  14C	  
method	   for	   industrial	   flue	   gas	   CO2	   emissions	   requires	   proper	   validation	   and	  
standardization.	  Up	  to	  the	  publication	  of	  the	  results	  described	  in	  this	  chapter	  (Palstra	  and	  
Meijer,	   2010),	   very	   little	   data	   was	   published	   in	   scientific	   papers	   about	   the	   validation,	  
reliability	   and	   applicability	   of	   the	   14C	   method	   for	   flue	   gas	   samples	   of	   industrial	   plants	  
(Mohn	  et	  al.,	  2008;	  Staber	  et	  al.,	  2008).	  More	  studies	  were	  performed,	  but	  these	  were	  not	  
officially	  published	   for	  a	  wide	  audience	   (Fichtner,	  2007;	  Raber,	  2003).	  Hämäläinen	  et	  al.	  
(2007)	   investigated	   the	   14C	   values	   in	   flue	   gas	   CO2	   samples	   of	   different	   power	   plants	   in	  
Finland,	  but	  did	  not	  calculate	  the	  biogenic	  CO2	  fraction.	  The	  American	  test	  method	  ASTM	  
D6866-­‐08	   (2008)	   was	   until	   2013	   the	   only	   available	   standard	   for	   the	   14C-­‐based	  
determination	   of	   the	   biogenic	   fraction	   of	   flue	   gas	   CO2.	   The	  
14C	  method	   to	   quantify	   the	  
biogenic	  CO2	   fraction	  of	   industrial	  CO2	  emissions	  using	   flue	  gas	  CO2	  was	   therefore	  up	   to	  
2010	  not	  widely	   recognized	   in	   the	   field	  of	  potential	  users.	   Since	  2010,	  however,	   several	  
other	  research	  papers	  have	  been	  published	  with	  results	  of	  the	  14C	  method	  applied	  to	  flue	  
gas	   CO2	   emissions	   of	   industrial	   plants,	   in	   particular	  waste	   incinerators	   (Cacagnile	   et	   al.,	  
2011;	   Mohn	   et	   al.,	   2012;	   Fuglsang	   et	   al.,	   2014).	   Also,	   an	   ISO	   standard	   for	   the	  
determination	  of	   the	  biogenic	   carbon	   fraction	   in	   flue	  gas	  CO2	  has	  been	  established	   (ISO	  
13833:	  2013).	  
	  
This	  chapter	  describes	  the	  results	  of	  a	  cooperation	  project	  between	  Essent	  (RWE)	  and	  
the	  University	  of	  Groningen	  in	  2008.	  In	  this	  project	  the	  biogenic	  fractions	  of	  fuel-­‐derived	  
CO2	   emissions	   of	   a	   Dutch	   power	   plant	   and	   a	   Dutch	   waste	   incineration	   plant	   were	  
determined	  based	  on	  14C	  analyses	  of	  flue	  gas	  CO2.	  The	  reliability	  of	  the	  applied	  
14C	  method	  
was	   validated	   by	   comparing	   the	   14C-­‐based	   biogenic	   fuel-­‐derived	   CO2	   fractions	   of	   the	  
power	  plant	  samples	  with	  those	  based	  on	  known	  combusted	  carbon	  in-­‐	  and	  output	  mass	  
data	  of	  the	  power	  plant.	  	  
The	  results	  of	  this	  project	  were	  reported	  to	  Essent	  in	  December	  2008	  (internal	  report:	  
CIO_IR-­‐66_2008)	   and	   after	   substantial	   corrections	   and	   revisions	   published	   in	   a	   research	  
paper	  in	  2010	  (Palstra	  and	  Meijer,	  2010).	  	  
 
Here	  a	  revised	  version	  of	  the	  published	  paper	   is	  given.	  Part	  of	  the	  text	  of	  the	  paper	  
was	  adjusted	   to	  avoid	  overlapping	  with	   the	  other	   chapters	  of	   this	   thesis.	  The	   layouts	  of	  
the	   sections	   and	   tables	   were	   changed	   based	   on	   current	   insights	   and	   ideas.	   Two	  
adjustments	   were	  made	   in	   the	   calculation	   of	   the	  mass-­‐based	   biogenic	   carbon	   fraction.	  
First,	   the	  calculation	  of	  the	  amount	  of	  wood-­‐carbon	  and	  coal-­‐carbon	   in	  the	  ash-­‐fraction,	  
which	  did	  not	  end	  up	  in	  the	  flue	  gas,	  was	  changed.	  In	  the	  paper,	  the	  wood-­‐carbon	  fraction	  
in	  the	  total	  ash-­‐carbon	  was	  assumed	  to	  be	  the	  same	  as	  the	  wood-­‐carbon	  fraction	   in	  the	  
total	   carbon	  of	   the	  wood	  and	   coal	   after	   combustion	   (and	  ash-­‐removal).	   This	   is	   a	  wrong	  
assumption,	   for	   instance	   because	   it	   completely	   ignores	   the	   differences	   in	  mass-­‐ratio	   of	  
materials	  from	  wood	  and	  coal	   in	  the	  ash:	  only	  2.5‰	  of	  the	  ash	  mass	  origins	  from	  wood.	  
Even	   a	   smaller	   fraction	   will	   be	   wood	   carbon.	   It	   is	   therefore	   assumed	   now	   that	   the	  
contribution	  of	  wood	  carbon	   in	   the	  measured	  5-­‐8%	  ash-­‐carbon	   is	  very	  small	  and	  can	  be	  
ignored.	  All	  measured	  carbon	  in	  the	  ash	  is	  therefore	  contributed	  to	  the	  coal.	  	  
In	   the	   second	   adjustment	   of	   the	   calculation	   of	   the	   mass-­‐based	   biogenic	   carbon	  
fraction,	  the	  carbon	  contribution	  of	  atmospheric	  air	  CO2	  to	  the	  total	  carbon	  in	  the	  flue	  gas	  
was	  not	  included	  in	  the	  calculation,	  in	  order	  to	  obtain	  the	  biogenic	  carbon	  fraction	  of	  the	  
fuel-­‐derived	  CO2	  fraction	  in	  the	  flue	  gas	  only.	  In	  the	  calculation	  of	  the	  
14C-­‐based	  biogenic	  
carbon	   fraction	   of	   the	   flue	   gas	   CO2	   this	   contribution	   of	   air-­‐CO2	   was	   also	   left	   out	   (by	  
correcting	   the	  measured	   14C	   results	   for	   the	   air-­‐14CO2	   contribution).	   The	   calculation	   that	  
was	  used	  in	  the	  paper	  (eq.	  11)	  has	  therefore	  been	  altered.	  
	  
All	   results	   and	   their	   uncertainty	   ranges	   have	   been	   recalculated.	   In	   some	   cases	  
differences	   can	   be	   found	   with	   the	   paper.	   For	   example,	   the	   random	   variation	   in	   the	  
duplicate	   extractions	   of	   CO2	   was	   now	   taken	   into	   account	   in	   the	   total	   uncertainty	  
calculation	   of	   the	   14C-­‐based	   biogenic	   carbon	   fraction.	   All	   these	   adjustments	   change	   the	  
14C-­‐based	  and/or	  mass-­‐based	  biogenic	  carbon	  fractions	  results	  of	  the	  power	  plant	  samples	  
not	   significantly	   compared	   to	   the	   research	   paper	   (absolute	   differences	   of	   <0.03%	   and	  












 2.1	  Introduction	  
To	  monitor	  and	  verify	  the	  biogenic	  and	  fossil	  CO2	  composition	  of	  emitted	  flue	  gas	  CO2	  
from	  combusted	  fuels	  at	   industrial	  and	  energy	  plants,	  reliable	  and	  accurate	  methods	  are	  
required.	   At	   an	   industrial	   plant,	   the	  most	   direct	   way	   to	   determine	   the	   partition	   of	   the	  
biogenic	  and	  fossil	  fuel-­‐derived	  CO2	  emissions	  is	  to	  investigate	  the	  flue	  gas	  CO2	  itself.	  If	  the	  
composition	  of	  the	  fuel	  mixture	  is	  completely	  unknown	  it	  is	  in	  fact	  the	  only	  reliable	  way.	  
Quantification	   of	   the	   biogenic	   and	   fossil	   fuel-­‐derived	   CO2	   fractions	   in	   flue	   gas	   has	   been	  
demonstrated	  by	  using	  the	  14C	  method	  (Mohn	  et	  al.,	  2008;	  Reinhardt	  et	  al.,	  2008;	  Staber	  
et	  al.,	  2008)	  and	  the	  balance	  method	  (Fellner	  et	  al.,	  2007).	  
	  
Although	  the	  analysis	  of	   14C	   itself	   is	  well	  established,	   the	  new	  application	  of	   the	  14C	  
method	   for	   industrial	   flue	   gas	   CO2	   emissions	   requires	   proper	   validation	   and	  
standardization.	  Up	  to	  the	  publication	  of	  the	  results	  described	  in	  this	  chapter	  (Palstra	  and	  
Meijer,	   2010),	   very	   little	   data	   was	   published	   in	   scientific	   papers	   about	   the	   validation,	  
reliability	   and	   applicability	   of	   the	   14C	   method	   for	   flue	   gas	   samples	   of	   industrial	   plants	  
(Mohn	  et	  al.,	  2008;	  Staber	  et	  al.,	  2008).	  More	  studies	  were	  performed,	  but	  these	  were	  not	  
officially	  published	   for	  a	  wide	  audience	   (Fichtner,	  2007;	  Raber,	  2003).	  Hämäläinen	  et	  al.	  
(2007)	   investigated	   the	   14C	   values	   in	   flue	   gas	   CO2	   samples	   of	   different	   power	   plants	   in	  
Finland,	  but	  did	  not	  calculate	  the	  biogenic	  CO2	  fraction.	  The	  American	  test	  method	  ASTM	  
D6866-­‐08	   (2008)	   was	   until	   2013	   the	   only	   available	   standard	   for	   the	   14C-­‐based	  
determination	   of	   the	   biogenic	   fraction	   of	   flue	   gas	   CO2.	   The	  
14C	  method	   to	   quantify	   the	  
biogenic	  CO2	   fraction	  of	   industrial	  CO2	  emissions	  using	   flue	  gas	  CO2	  was	   therefore	  up	   to	  
2010	  not	  widely	   recognized	   in	   the	   field	  of	  potential	  users.	   Since	  2010,	  however,	   several	  
other	  research	  papers	  have	  been	  published	  with	  results	  of	  the	  14C	  method	  applied	  to	  flue	  
gas	   CO2	   emissions	   of	   industrial	   plants,	   in	   particular	  waste	   incinerators	   (Cacagnile	   et	   al.,	  
2011;	   Mohn	   et	   al.,	   2012;	   Fuglsang	   et	   al.,	   2014).	   Also,	   an	   ISO	   standard	   for	   the	  
determination	  of	   the	  biogenic	   carbon	   fraction	   in	   flue	  gas	  CO2	  has	  been	  established	   (ISO	  
13833:	  2013).	  
	  
This	  chapter	  describes	  the	  results	  of	  a	  cooperation	  project	  between	  Essent	  (RWE)	  and	  
the	  University	  of	  Groningen	  in	  2008.	  In	  this	  project	  the	  biogenic	  fractions	  of	  fuel-­‐derived	  
CO2	   emissions	   of	   a	   Dutch	   power	   plant	   and	   a	   Dutch	   waste	   incineration	   plant	   were	  
determined	  based	  on	  14C	  analyses	  of	  flue	  gas	  CO2.	  The	  reliability	  of	  the	  applied	  
14C	  method	  
was	   validated	   by	   comparing	   the	   14C-­‐based	   biogenic	   fuel-­‐derived	   CO2	   fractions	   of	   the	  
power	  plant	  samples	  with	  those	  based	  on	  known	  combusted	  carbon	  in-­‐	  and	  output	  mass	  
data	  of	  the	  power	  plant.	  	  
The	  results	  of	  this	  project	  were	  reported	  to	  Essent	  in	  December	  2008	  (internal	  report:	  
CIO_IR-­‐66_2008)	   and	   after	   substantial	   corrections	   and	   revisions	   published	   in	   a	   research	  
paper	  in	  2010	  (Palstra	  and	  Meijer,	  2010).	  	  
 
Here	  a	  revised	  version	  of	  the	  published	  paper	   is	  given.	  Part	  of	  the	  text	  of	  the	  paper	  
was	  adjusted	   to	  avoid	  overlapping	  with	   the	  other	   chapters	  of	   this	   thesis.	  The	   layouts	  of	  
the	   sections	   and	   tables	   were	   changed	   based	   on	   current	   insights	   and	   ideas.	   Two	  
adjustments	   were	  made	   in	   the	   calculation	   of	   the	  mass-­‐based	   biogenic	   carbon	   fraction.	  
First,	   the	  calculation	  of	  the	  amount	  of	  wood-­‐carbon	  and	  coal-­‐carbon	   in	  the	  ash-­‐fraction,	  
which	  did	  not	  end	  up	  in	  the	  flue	  gas,	  was	  changed.	  In	  the	  paper,	  the	  wood-­‐carbon	  fraction	  
in	  the	  total	  ash-­‐carbon	  was	  assumed	  to	  be	  the	  same	  as	  the	  wood-­‐carbon	  fraction	   in	  the	  
total	   carbon	  of	   the	  wood	  and	   coal	   after	   combustion	   (and	  ash-­‐removal).	   This	   is	   a	  wrong	  
assumption,	   for	   instance	   because	   it	   completely	   ignores	   the	   differences	   in	  mass-­‐ratio	   of	  
materials	  from	  wood	  and	  coal	   in	  the	  ash:	  only	  2.5‰	  of	  the	  ash	  mass	  origins	  from	  wood.	  
Even	   a	   smaller	   fraction	   will	   be	   wood	   carbon.	   It	   is	   therefore	   assumed	   now	   that	   the	  
contribution	  of	  wood	  carbon	   in	   the	  measured	  5-­‐8%	  ash-­‐carbon	   is	  very	  small	  and	  can	  be	  
ignored.	  All	  measured	  carbon	  in	  the	  ash	  is	  therefore	  contributed	  to	  the	  coal.	  	  
In	   the	   second	   adjustment	   of	   the	   calculation	   of	   the	   mass-­‐based	   biogenic	   carbon	  
fraction,	  the	  carbon	  contribution	  of	  atmospheric	  air	  CO2	  to	  the	  total	  carbon	  in	  the	  flue	  gas	  
was	  not	  included	  in	  the	  calculation,	  in	  order	  to	  obtain	  the	  biogenic	  carbon	  fraction	  of	  the	  
fuel-­‐derived	  CO2	  fraction	  in	  the	  flue	  gas	  only.	  In	  the	  calculation	  of	  the	  
14C-­‐based	  biogenic	  
carbon	   fraction	   of	   the	   flue	   gas	   CO2	   this	   contribution	   of	   air-­‐CO2	   was	   also	   left	   out	   (by	  
correcting	   the	  measured	   14C	   results	   for	   the	   air-­‐14CO2	   contribution).	   The	   calculation	   that	  
was	  used	  in	  the	  paper	  (eq.	  11)	  has	  therefore	  been	  altered.	  
	  
All	   results	   and	   their	   uncertainty	   ranges	   have	   been	   recalculated.	   In	   some	   cases	  
differences	   can	   be	   found	   with	   the	   paper.	   For	   example,	   the	   random	   variation	   in	   the	  
duplicate	   extractions	   of	   CO2	   was	   now	   taken	   into	   account	   in	   the	   total	   uncertainty	  
calculation	   of	   the	   14C-­‐based	   biogenic	   carbon	   fraction.	   All	   these	   adjustments	   change	   the	  
14C-­‐based	  and/or	  mass-­‐based	  biogenic	  carbon	  fractions	  results	  of	  the	  power	  plant	  samples	  
not	   significantly	   compared	   to	   the	   research	   paper	   (absolute	   differences	   of	   <0.03%	   and	  













 2.2	  Materials	  and	  Methods	  
This	   section	   describes	   the	   used	  method	   to	   determine	   the	   biogenic	   fraction	   of	   fuel-­‐
derived	  CO2	  emissions	  of	  a	  power	  plant	  and	  a	  waste	   incineration	  plant	  based	  on	  the	  
14C	  
analysis	   of	   flue	   gas	   CO2	   samples.	   The	   method	   can	   be	   divided	   into	   three	   parts:	   1)	   the	  
sampling	  of	   the	  flue	  gas	  CO2,	  2)	   the	  off-­‐line	  
14C	  analysis,	   including	  sample	  pre-­‐treatment	  
and	  3)	  the	  calculation	  of	  the	  biogenic	  fuel-­‐derived	  CO2	  fraction.	  
	  
2.2.1	  Sampling	  
Flue	  gas	  CO2	  samples	  were	  sampled	  in	  cooperation	  with	  staff	  members	  of	  the	  Energy	  
research	  Centre	  of	  the	  Netherlands	  (ECN).	  On	  26	  and	  27	  August	  2008	  samples	  were	  taken	  
at	  the	  Dutch	  Essent/RWE	  power	  plant	  “Amercentrale-­‐08”	  in	  Geertruidenberg.	  On	  28	  and	  
29	   August	   2008	   samples	   were	   taken	   at	   the	   Dutch	   AVI/AZN	   waste	   incineration	   plant	  
“Moerdijk”	  in	  Moerdijk.	  
	  
At	   the	   power	   plant,	   pulverized	   coal	   was	   combusted	   together	   with	   grinded	   wood	  
pellets.	  The	  wood	  pellets	  were	  supplied	  from	  two	  separate	  biomass	  units.	  Before	  the	  flue	  
gas	   from	   the	   combustion	   of	   coal	   and	   biomass	   was	   released	   into	   the	   atmosphere	   via	   a	  
chimney,	  it	  was	  washed	  to	  remove	  pollutants	  (e.g.	  SO2)	  and	  reheated	  to	  prevent	  flue	  gas	  
condensation	   in	   the	   chimney.	   The	   flue	   gas	   is	   reheated	   by	   adding,	   from	   three	   different	  
inlets	  located	  40	  m	  before	  the	  chimney,	  flue	  gas	  from	  a	  natural	  gas	  fired	  gas	  turbine	  into	  
the	  coal/biomass-­‐flue	  gas	  flow.	  This	  addition	  of	  (fossil)	  CO2	  increases	  the	  fuel-­‐derived	  CO2	  
emission	  of	  the	  power	  plant	  with	  approximately	  4%.	  Flue	  gas	  was	  sampled	  a	  few	  meters	  
from	   the	   location	  where	   flue	   gas	   enters	   the	   chimney.	  Hence,	   a	  mixture	   of	   flue	   gas	   CO2	  
from	  the	  combustion	  of	  coal,	  biomass	  and	  natural	  gas	  was	  sampled.	  	  
10	  flue	  gas	  CO2	  samples	  were	  sampled	  at	  the	  power	  plant	  (4	  on	  the	  first	  day	  and	  6	  on	  
the	   second	   day)	   by	   using	   a	   sample	   probe,	   a	   flue	   gas	   sampling	   set	   and	   a	   flue	   gas	   CO2	  
sampler	  developed	  by	  ECN	  as	  shown	  in	  figure	  2.1.	  
	  
The	   sample	   probe	   entered	   approximately	   15	   cm	   into	   a	   large	   flow	   gas	   tunnel	   (of	  
approximately	   8	  meters	   deep	   and	   high).	   The	   filtered,	   cooled	   and	   dried	   flue	   gas	   passed	  
three	  different	  analysers	   that	  were	  placed	   serially	   (first	   to	  analyse	  O2,	   then	  CO2	  and	  CO	  
and	  finally	  NO2	  and	  NO).	  The	  CO2	  concentration	  (of	  main	  interest	  compared	  to	  the	  other	  
measured	  components)	  was	  continuously	  measured	  with	  an	  ABB	  URAS	  26	  NDIR	  Analyzer	  




Fig.	  2.1.	  Schematic	  overview	  of	  the	  sampling	  set-­‐up	  used	  to	  sample	  flue	  gas	  CO2	  at	  the	  
power	  plant.	  The	  flue	  gas	  CO2	  sampler,	  which	  is	  integrated	  in	  this	  figure,	  was	  used	  at	  the	  
waste	  incineration	  plant	  as	  well.	  The	  sampler	  was	  developed	  by	  ECN	  and	  consists,	  besides	  
some	  electronics	  and	  a	  computer	  device,	  of	  a	  pump,	  a	  mass	   flow	  controller	   (MFC)	  and	  a	  
washing	   bottle	   with	   NaOH	   solution.	   The	   washing	   bottle	   contains	   a	   borosilicate	   filer	   to	  
obtain	  small	  flue	  gas	  bubbles	  in	  the	  solution	  and	  by	  that	  encourages	  the	  dissolution	  of	  the	  
CO2	  in	  the	  NaOH	  solution.	  
	  
For	   the	   sampling	   of	   flue	   gas	   CO2,	   flue	   gas	  was	   sucked	  with	   a	   flow	  of	   70-­‐80	  ml	   flue	  
gas/minute	   through	   a	   washing	   bottle	   that	   contained	   200	   ml	   2	   M	   NaOH	   solution.	   A	  
sampling	  interval	  of	  45	  minutes	  was	  chosen	  for	  each	  sample.	  The	  flue	  gas	  CO2	  dissolves	  in	  
the	  NaOH	  solution	  according	  to:	  
	  
CO2	  (g)	  +	  2	  OH
-­‐	  (aq)	  →	  CO3
2-­‐	  (aq)	  +	  H2O	  (l)	   	   	   	   (2.1)	  
	  
At	  the	  waste	  incineration	  plant,	  waste	  materials	  from	  different	  and	  variable	  sources,	  
but	   mainly	   municipal	   waste	   (75%	   m/m),	   were	   combusted	   in	   four	   separate	   ovens.	   13	  
samples	  of	  flue	  gas	  CO2	  (8	  on	  the	  first	  day	  and	  5	  on	  the	  second	  day)	  were	  sampled	  from	  
emission	  pipe	  number	  2	  using	  the	  flue	  gas	  CO2	  sampler	  of	  ECN.	  This	  flue	  gas	  CO2	  sampler	  
(pump,	   MFC	   and	   washing	   bottle	   with	   NaOH	   solution	   as	   shown	   in	   figure	   2.1)	   was	  
connected	  to	  a	  tubing	  in	  which	  flue	  gas	  flowed	  that	  was	  already	  filtered,	  cooled,	  dried	  and	  
measured	  (without	  changing	  the	  carbon	  composition	  of	  the	  flue	  gas)	  by	  devices	  of	  Multi	  
Instruments	  Analytical	   B.V..	   This	   company	  performed	   continuous	  measurements	   at	  AZN	  
Moerdijk	  of	   several	  compounds	   (e.g.	  NOx,	  SO2,	  CO,	  O2	  and	  CO2)	   in	   flue	  gas.	  The	   flue	  gas	  
CO2	  was	  sampled	  with	  the	  same	  flow	  (70-­‐80	  ml/min),	  sampling	  time	  (45	  min)	  and	  NaOH	  






 2.2	  Materials	  and	  Methods	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  power	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  pre-­‐treatment	  
and	  3)	  the	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  of	  the	  biogenic	  fuel-­‐derived	  CO2	  fraction.	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  were	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research	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  of	  the	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  (ECN).	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  were	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at	  the	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  power	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  in	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  On	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   were	   taken	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   the	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   waste	   incineration	   plant	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  in	  Moerdijk.	  
	  
At	   the	   power	   plant,	   pulverized	   coal	   was	   combusted	   together	   with	   grinded	   wood	  
pellets.	  The	  wood	  pellets	  were	  supplied	  from	  two	  separate	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  units.	  Before	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   from	   the	   combustion	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   and	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   was	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   into	   the	   atmosphere	   via	   a	  
chimney,	  it	  was	  washed	  to	  remove	  pollutants	  (e.g.	  SO2)	  and	  reheated	  to	  prevent	  flue	  gas	  
condensation	   in	   the	   chimney.	   The	   flue	   gas	   is	   reheated	   by	   adding,	   from	   three	   different	  
inlets	  located	  40	  m	  before	  the	  chimney,	  flue	  gas	  from	  a	  natural	  gas	  fired	  gas	  turbine	  into	  
the	  coal/biomass-­‐flue	  gas	  flow.	  This	  addition	  of	  (fossil)	  CO2	  increases	  the	  fuel-­‐derived	  CO2	  
emission	  of	  the	  power	  plant	  with	  approximately	  4%.	  Flue	  gas	  was	  sampled	  a	  few	  meters	  
from	   the	   location	  where	   flue	   gas	   enters	   the	   chimney.	  Hence,	   a	  mixture	   of	   flue	   gas	   CO2	  
from	  the	  combustion	  of	  coal,	  biomass	  and	  natural	  gas	  was	  sampled.	  	  
10	  flue	  gas	  CO2	  samples	  were	  sampled	  at	  the	  power	  plant	  (4	  on	  the	  first	  day	  and	  6	  on	  
the	   second	   day)	   by	   using	   a	   sample	   probe,	   a	   flue	   gas	   sampling	   set	   and	   a	   flue	   gas	   CO2	  
sampler	  developed	  by	  ECN	  as	  shown	  in	  figure	  2.1.	  
	  
The	   sample	   probe	   entered	   approximately	   15	   cm	   into	   a	   large	   flow	   gas	   tunnel	   (of	  
approximately	   8	  meters	   deep	   and	   high).	   The	   filtered,	   cooled	   and	   dried	   flue	   gas	   passed	  
three	  different	  analysers	   that	  were	  placed	   serially	   (first	   to	  analyse	  O2,	   then	  CO2	  and	  CO	  
and	  finally	  NO2	  and	  NO).	  The	  CO2	  concentration	  (of	  main	  interest	  compared	  to	  the	  other	  
measured	  components)	  was	  continuously	  measured	  with	  an	  ABB	  URAS	  26	  NDIR	  Analyzer	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  CO2	  at	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power	  plant.	  The	  flue	  gas	  CO2	  sampler,	  which	  is	  integrated	  in	  this	  figure,	  was	  used	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  the	  
waste	  incineration	  plant	  as	  well.	  The	  sampler	  was	  developed	  by	  ECN	  and	  consists,	  besides	  
some	  electronics	  and	  a	  computer	  device,	  of	  a	  pump,	  a	  mass	   flow	  controller	   (MFC)	  and	  a	  
washing	   bottle	   with	   NaOH	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   The	   washing	   bottle	   contains	   a	   borosilicate	   filer	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obtain	  small	  flue	  gas	  bubbles	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  solution	  and	  by	  that	  encourages	  the	  dissolution	  of	  the	  
CO2	  in	  the	  NaOH	  solution.	  
	  
For	   the	   sampling	   of	   flue	   gas	   CO2,	   flue	   gas	  was	   sucked	  with	   a	   flow	  of	   70-­‐80	  ml	   flue	  
gas/minute	   through	   a	   washing	   bottle	   that	   contained	   200	   ml	   2	   M	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   solution.	   A	  
sampling	  interval	  of	  45	  minutes	  was	  chosen	  for	  each	  sample.	  The	  flue	  gas	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  dissolves	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the	  NaOH	  solution	  according	  to:	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At	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  incineration	  plant,	  waste	  materials	  from	  different	  and	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but	   mainly	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   waste	   (75%	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   were	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   four	   separate	   ovens.	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  first	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  were	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  from	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   and	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   with	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   shown	   in	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   was	  
connected	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  tubing	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  which	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  that	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  already	  filtered,	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measured	  (without	  changing	  the	  carbon	  composition	  of	  the	  flue	  gas)	  by	  devices	  of	  Multi	  
Instruments	  Analytical	   B.V..	   This	   company	  performed	   continuous	  measurements	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  of	   several	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   (e.g.	  NOx,	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  and	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   flue	  gas.	  The	   flue	  gas	  
CO2	  was	  sampled	  with	  the	  same	  flow	  (70-­‐80	  ml/min),	  sampling	  time	  (45	  min)	  and	  NaOH	  







 2.2.2	  14C	  measurement	  
Each	  200	  ml	  NaOH	  sample	  with	  dissolved	  flue	  gas	  CO2	  was	  stored	  in	  a	  closed	  plastic	  
bottle	   before	   it	   was	   pre-­‐treated	   and	   analysed	   on	   14C	   at	   the	   CIO	   laboratory.	   The	   pre-­‐
treatment	  of	  each	  NaOH	  sample	  consisted	  of	  the	  extraction	  of	  CO2	  in	  a	  vacuum	  pumped	  
system	  by	  addition	  of	   a	   few	  millilitres	  of	   sample	   to	  a	   few	  millilitres	  of	  H3PO4	   (85%	  v/v).	  
Water	  vapour	  and	  CO2	  were	  released	  in	  the	  chemical	  reaction	  between	  the	  acid	  and	  the	  
sample.	  After	  removal	  of	  water	  vapour	  (cryogenic	  with	  dry	   ice/ethanol)	   the	  CO2	  fraction	  
was	   cryogenically	   (liquid	  nitrogen)	   trapped	   in	   a	   calibrated	  volume.	   The	  CO2	   volume	  was	  
determined	  with	  a	  manometer	  and	  then	  transferred	  into	  a	  special	  glass	  flask.	  For	  the	  14C	  
measurement	  only	  4	  ml	  CO2	  was	  needed	  per	  sample.	  	  
	  
The	   14C-­‐dedicated	   Accelerator	   Mass	   Spectrometer	   (AMS;	   High	   Voltage	   Europa	  
Tandetron)	  (van	  der	  Plicht	  et	  al.,	  2000)	  of	  CIO	  was	  used	  for	  the	  14C	  measurements.	  All	  CO2	  
samples	   were	   graphitized	   and	   pressed	   into	   targets	   as	   described	   by	   Aerts-­‐Bijma	   et	   al.	  
(1997,	  2001),	  before	  the	  measurement	  on	  14C/12C	  and	  13C/12C	  isotope	  ratios	  with	  the	  AMS.	  	  
	  
The	  measured	  relative	  amount	  of	  14C	   in	  each	  sample,	   ‘14CsampleCO2’,	  was	  calculated	  as	  
described	  in	  chapter	  1	  (‘14Csample_measured’;	  eq.	  1.4),	  without	  decay	  correction.	  For	  the	  power	  
plant	  samples	  it	  was	  not	  necessary	  to	  apply	  this	  correction	  factor,	  because	  these	  were	  the	  
same	   for	   both	   14CsampleCO2	   and	  
14Cbio.	   For	   the	   waste	   incineration	   samples	   the	   time	   of	  
sampling	   ‘tS’	   (the	   average	   atmospheric	   CO2	   harvest	   year	   of	   the	   investigated	   biomass	  
material)	  was	  unknown.	  The	   ignored	  correction	  does	   introduce	  a	  very	  small	   (max.	  0.1%,	  
relative)	   systematic	   error	   in	   the	   calculated	   biogenic	   fuel-­‐derived	   fractions	   of	   the	   waste	  
incineration	  samples.	  
	  
2.2.3	  	  14C-­‐based	  quantification	  of	  the	  biogenic	  fuel-­‐derived	  CO2	  fraction	  
This	  section	  describes	  the	  14C-­‐based	  calculation	  method	  to	  quantify	  the	  biogenic	  fuel-­‐
derived	  CO2	  fraction	  in	  flue	  gas	  samples.	  Differences	  can	  be	  found	  in	  the	  used	  calculation	  
methods	   between	   different	   research	   papers,	   resulting	   in	   different	   end	   results	   for	   the	  
same	   measurement	   data.	   Section	   1.2	   describes	   the	   equation	   that	   should	   be	   used	   in	  
general	  (eq.	  1.3).	  In	  this	  equation	  the	  measured	  14C	  value	  of	  a	  sample	  is	  used	  to	  calculate	  
the	  biogenic	  carbon	  fraction.	  If,	  however,	  the	  biogenic	  fraction	  of	  fuel-­‐derived	  CO2	  in	  flue	  
gas	  samples	  is	  to	  be	  determined,	  only	  the	  CO2	  fraction	  from	  the	  combustion	  of	  fuels	  is	  of	  
interest	   (‘fuelCO2’).	   The	   sampled	  and	  measured	  CO2	   (‘sampleCO2’),	   can	  also	   contain	  CO2	  
from	  other	  carbon	  sources	  than	  the	  combusted	  fuels,	  like	  CO2	  from	  combustion	  air.	  In	  that	  
case	  ‘fuelCO2’	  is	  not	  equal	  to	  ‘sampleCO2’	  and	  to	  obtain	  the	  
14C(fuelCO2)	  value	  of	  the	  ‘fuelCO2’	  
fraction	  the	  contribution	  of	  the	  additional	  carbon	  sources	  should	  be	  subtracted	  from	  the	  
measured	   14C(sampleCO2)	   value.	   The	   biogenic	   carbon	   fraction	   of	   combusted	   fuels	   is	   then	  








1− f(CO2 _ j )( )
− 14C(CO2 _ i) ⋅ f(CO2 _ i)( )
i
∑
14C(bioC _ i) ⋅ f(bioC _ i)( )
i
∑
	   	   	   (2.2)	  
	  
In	   this	   equation,	   14C( fuelCO2 ) 	  is	   the	  
14C	   value	   of	   the	   fuel-­‐derived	   CO2	   (in	   this	   study	  
calculated	  as	  14aN	  value;	  in	  %).	  	  
14C(bioCO2 ) 	  represents	  the	  
14C	  value	  of	  the	  combusted	  biomass	  (in	  this	  study	  calculated	  
as	   14aN	   or	  
14aN
S	   value;	   in	   %).	   As	   combusted	  wood	   and	  waste	  materials	   contain	   a	   broad	  
range	  of	   carbon	  accumulated	  by	  plants	  and/or	   trees	   that	  grew	   in	  different	   time	  periods	  
(chapter	  1),	  these	  different	  biogenic	  carbon	  fractions	  have	  different	  14C	  values	  as	  well.	  The	  
14C(bioCO2 ) 	  value	   for	   mixed	   biogenic	   carbon	   fractions	   is	   therefore	   a	   summation	   of	   the	  
fractions	   of	   different	   biomass	   materials,	   f(bioC _ i) ,	   with	   different	   (average)	   14C	   values,	  
14C(bioC _ i) .	  	  
14C(sampleCO2 ) 	  is	   the	   AMS-­‐measured	  
14C	   value	   of	   each	   carbon	   sample	   after	   pre-­‐
treatment	  (14aN	  value;	  in	  %).	  	  
The	  factor	   1− f(CO2 _ j )( ) 	  corrects	  the	  measured	  
14C	  value	  for	  fossil	  CO2	  contributions	  (of	  
CO2	   sources	   j)	   to	   the	   sample	   that	   did	   not	   origin	   from	   the	   combustion	   of	   the	   fuels,	   but	  
might	   have	   been	   added	   during	   the	   sampling	   and/or	   pre-­‐treatment	   of	   the	   sample	  
(‘additional	   fossil	  CO2’).	   The	   fraction	   f(CO2 _ j ) is	   the	  amount	  of	  additional	   fossil	  CO2	   in	   the	  
sample	   divided	   by	   the	   total	   CO2	   in	   the	   investigated	   sample	   material.	   The	   factor	  
14C(CO2 _ i) ⋅ f(CO2 _ i)( )
i
∑ 	  corrects	  the	  measured	  
14C	  sample	  for	  the	  contributions	  of	  different	  
14CO2	  containing	  sources,	   i,	  other	  than	  those	  from	  the	  combustion	  of	  fuel	  materials.	  The	  
fraction	   f(CO2 _ j ) 	  is	   the	   amount	   of	   CO2	   from	   the	  
14CO2	   containing	   carbon	   source	   i	   in	   the	  
sample,	  divided	  by	  the	  total	  CO2	  in	  the	  sample	  material.	  
	  
In	   the	   calculation	   of	   14C( fuelCO2 ) 	  in	   this	   study,	   the	   fraction	   of	   	   ‘additional	   fossil	   CO2’,	  
f(CO2 _ j ) 	  was	   set	   to	   zero,	   as	   these	   fossil	   carbon	   sources	   could	   not	   be	   identified.	  
14CO2	  
sources	   i	  that	  were	  identified	  in	  this	  study	  were	  atmospheric	  (combustion)	  air	  CO2	  and	  a	  
CO2	  contamination	  of	  the	  used	  NaOH	  solution.	  	  
Atmospheric	  air	  ends	  up	  in	  flue	  gas	  because	  it	  is	  used	  in	  the	  combustion	  processes	  of	  
the	   plants.	   At	   the	   power	   plant	   air	   also	   leaks	   into	   the	   flue	   gas	   during	   a	   heat	   exchange	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 2.2.2	  14C	  measurement	  
Each	  200	  ml	  NaOH	  sample	  with	  dissolved	  flue	  gas	  CO2	  was	  stored	  in	  a	  closed	  plastic	  
bottle	   before	   it	   was	   pre-­‐treated	   and	   analysed	   on	   14C	   at	   the	   CIO	   laboratory.	   The	   pre-­‐
treatment	  of	  each	  NaOH	  sample	  consisted	  of	  the	  extraction	  of	  CO2	  in	  a	  vacuum	  pumped	  
system	  by	  addition	  of	   a	   few	  millilitres	  of	   sample	   to	  a	   few	  millilitres	  of	  H3PO4	   (85%	  v/v).	  
Water	  vapour	  and	  CO2	  were	  released	  in	  the	  chemical	  reaction	  between	  the	  acid	  and	  the	  
sample.	  After	  removal	  of	  water	  vapour	  (cryogenic	  with	  dry	   ice/ethanol)	   the	  CO2	  fraction	  
was	   cryogenically	   (liquid	  nitrogen)	   trapped	   in	   a	   calibrated	  volume.	   The	  CO2	   volume	  was	  
determined	  with	  a	  manometer	  and	  then	  transferred	  into	  a	  special	  glass	  flask.	  For	  the	  14C	  
measurement	  only	  4	  ml	  CO2	  was	  needed	  per	  sample.	  	  
	  
The	   14C-­‐dedicated	   Accelerator	   Mass	   Spectrometer	   (AMS;	   High	   Voltage	   Europa	  
Tandetron)	  (van	  der	  Plicht	  et	  al.,	  2000)	  of	  CIO	  was	  used	  for	  the	  14C	  measurements.	  All	  CO2	  
samples	   were	   graphitized	   and	   pressed	   into	   targets	   as	   described	   by	   Aerts-­‐Bijma	   et	   al.	  
(1997,	  2001),	  before	  the	  measurement	  on	  14C/12C	  and	  13C/12C	  isotope	  ratios	  with	  the	  AMS.	  	  
	  
The	  measured	  relative	  amount	  of	  14C	   in	  each	  sample,	   ‘14CsampleCO2’,	  was	  calculated	  as	  
described	  in	  chapter	  1	  (‘14Csample_measured’;	  eq.	  1.4),	  without	  decay	  correction.	  For	  the	  power	  
plant	  samples	  it	  was	  not	  necessary	  to	  apply	  this	  correction	  factor,	  because	  these	  were	  the	  
same	   for	   both	   14CsampleCO2	   and	  
14Cbio.	   For	   the	   waste	   incineration	   samples	   the	   time	   of	  
sampling	   ‘tS’	   (the	   average	   atmospheric	   CO2	   harvest	   year	   of	   the	   investigated	   biomass	  
material)	  was	  unknown.	  The	   ignored	  correction	  does	   introduce	  a	  very	  small	   (max.	  0.1%,	  
relative)	   systematic	   error	   in	   the	   calculated	   biogenic	   fuel-­‐derived	   fractions	   of	   the	   waste	  
incineration	  samples.	  
	  
2.2.3	  	  14C-­‐based	  quantification	  of	  the	  biogenic	  fuel-­‐derived	  CO2	  fraction	  
This	  section	  describes	  the	  14C-­‐based	  calculation	  method	  to	  quantify	  the	  biogenic	  fuel-­‐
derived	  CO2	  fraction	  in	  flue	  gas	  samples.	  Differences	  can	  be	  found	  in	  the	  used	  calculation	  
methods	   between	   different	   research	   papers,	   resulting	   in	   different	   end	   results	   for	   the	  
same	   measurement	   data.	   Section	   1.2	   describes	   the	   equation	   that	   should	   be	   used	   in	  
general	  (eq.	  1.3).	  In	  this	  equation	  the	  measured	  14C	  value	  of	  a	  sample	  is	  used	  to	  calculate	  
the	  biogenic	  carbon	  fraction.	  If,	  however,	  the	  biogenic	  fraction	  of	  fuel-­‐derived	  CO2	  in	  flue	  
gas	  samples	  is	  to	  be	  determined,	  only	  the	  CO2	  fraction	  from	  the	  combustion	  of	  fuels	  is	  of	  
interest	   (‘fuelCO2’).	   The	   sampled	  and	  measured	  CO2	   (‘sampleCO2’),	   can	  also	   contain	  CO2	  
from	  other	  carbon	  sources	  than	  the	  combusted	  fuels,	  like	  CO2	  from	  combustion	  air.	  In	  that	  
case	  ‘fuelCO2’	  is	  not	  equal	  to	  ‘sampleCO2’	  and	  to	  obtain	  the	  
14C(fuelCO2)	  value	  of	  the	  ‘fuelCO2’	  
fraction	  the	  contribution	  of	  the	  additional	  carbon	  sources	  should	  be	  subtracted	  from	  the	  
measured	   14C(sampleCO2)	   value.	   The	   biogenic	   carbon	   fraction	   of	   combusted	   fuels	   is	   then	  








1− f(CO2 _ j )( )
− 14C(CO2 _ i) ⋅ f(CO2 _ i)( )
i
∑
14C(bioC _ i) ⋅ f(bioC _ i)( )
i
∑
	   	   	   (2.2)	  
	  
In	   this	   equation,	   14C( fuelCO2 ) 	  is	   the	  
14C	   value	   of	   the	   fuel-­‐derived	   CO2	   (in	   this	   study	  
calculated	  as	  14aN	  value;	  in	  %).	  	  
14C(bioCO2 ) 	  represents	  the	  
14C	  value	  of	  the	  combusted	  biomass	  (in	  this	  study	  calculated	  
as	   14aN	   or	  
14aN
S	   value;	   in	   %).	   As	   combusted	  wood	   and	  waste	  materials	   contain	   a	   broad	  
range	  of	   carbon	  accumulated	  by	  plants	  and/or	   trees	   that	  grew	   in	  different	   time	  periods	  
(chapter	  1),	  these	  different	  biogenic	  carbon	  fractions	  have	  different	  14C	  values	  as	  well.	  The	  
14C(bioCO2 ) 	  value	   for	   mixed	   biogenic	   carbon	   fractions	   is	   therefore	   a	   summation	   of	   the	  
fractions	   of	   different	   biomass	   materials,	   f(bioC _ i) ,	   with	   different	   (average)	   14C	   values,	  
14C(bioC _ i) .	  	  
14C(sampleCO2 ) 	  is	   the	   AMS-­‐measured	  
14C	   value	   of	   each	   carbon	   sample	   after	   pre-­‐
treatment	  (14aN	  value;	  in	  %).	  	  
The	  factor	   1− f(CO2 _ j )( ) 	  corrects	  the	  measured	  
14C	  value	  for	  fossil	  CO2	  contributions	  (of	  
CO2	   sources	   j)	   to	   the	   sample	   that	   did	   not	   origin	   from	   the	   combustion	   of	   the	   fuels,	   but	  
might	   have	   been	   added	   during	   the	   sampling	   and/or	   pre-­‐treatment	   of	   the	   sample	  
(‘additional	   fossil	  CO2’).	   The	   fraction	   f(CO2 _ j ) is	   the	  amount	  of	  additional	   fossil	  CO2	   in	   the	  
sample	   divided	   by	   the	   total	   CO2	   in	   the	   investigated	   sample	   material.	   The	   factor	  
14C(CO2 _ i) ⋅ f(CO2 _ i)( )
i
∑ 	  corrects	  the	  measured	  
14C	  sample	  for	  the	  contributions	  of	  different	  
14CO2	  containing	  sources,	   i,	  other	  than	  those	  from	  the	  combustion	  of	  fuel	  materials.	  The	  
fraction	   f(CO2 _ j ) 	  is	   the	   amount	   of	   CO2	   from	   the	  
14CO2	   containing	   carbon	   source	   i	   in	   the	  
sample,	  divided	  by	  the	  total	  CO2	  in	  the	  sample	  material.	  
	  
In	   the	   calculation	   of	   14C( fuelCO2 ) 	  in	   this	   study,	   the	   fraction	   of	   	   ‘additional	   fossil	   CO2’,	  
f(CO2 _ j ) 	  was	   set	   to	   zero,	   as	   these	   fossil	   carbon	   sources	   could	   not	   be	   identified.	  
14CO2	  
sources	   i	  that	  were	  identified	  in	  this	  study	  were	  atmospheric	  (combustion)	  air	  CO2	  and	  a	  
CO2	  contamination	  of	  the	  used	  NaOH	  solution.	  	  
Atmospheric	  air	  ends	  up	  in	  flue	  gas	  because	  it	  is	  used	  in	  the	  combustion	  processes	  of	  




 process	  in	  which	  air	  needed	  for	  the	  combustion	  is	  heated	  up	  by	  using	  the	  heat	  of	  flue	  gas.	  
At	   the	   investigated	   waste	   incineration	   plant,	   air	   leaks	   into	   the	   flue	   gas	   during	   the	  
transport	  of	  this	  gas	  from	  the	  combustion	  furnace,	  via	  the	  flue	  gas-­‐washing	  set-­‐up,	  to	  the	  
chimney.	  The	  applied	  calculations	  to	  obtain	  the	  air-­‐CO2-­‐fractions	  ( f(CO2 _air ) )	  are	  described	  
in	  section	  2.2.4.	  	  
The	  CO2	  contamination	  of	  the	  NaOH	  solution	  was	  discovered	  after	  the	  two	  sampling	  
expeditions	  had	  taken	  place.	  Abusively	  a	  wrong	  batch	  of	  NaOH	  that	  had	  already	  absorbed	  
some	  atmospheric	  air	  CO2	  was	  used,	   instead	  of	   the	  clean	  batch	   that	   is	  normally	  used	  at	  
the	  CIO	  laboratory	  for	  these	  kinds	  of	  sampling	  applications.	  	  
	  
Instead	  of	  general	  eq.	  1.3,	  equation	  2.2	  was	  applied	  to	  calculate	  the	  biogenic	  carbon	  
fraction	   for	   the	   flue	   gas	   CO2	   samples	   investigated	   in	   this	   study.	   Using	   the	   information	  




14C(CO2 _air ) ⋅ f(CO2 _air )( )− 14C(CO2 _NaOH ) ⋅ f(CO2 _NaOH )( )
14C(bioCO2 )
	  	  	   (2.3)	  
	  
The	  14C	  reference	  value	  for	  100%	  biogenic	  carbon,	   14C(bioCO2 ) ,	  was	  determined	  (as	  
14aN	  
value)	   for	   the	  power	  plants	   samples	  by	   the	   14C	  analysis	  of	  a	  5-­‐gram	  subsample	  of	  wood	  
pellets	   from	   the	   same	   batch	   as	   combusted	   during	   the	   sampling	   campaign.	   The	   wood	  
sample	   was	   combusted	   to	   CO2	   (CIO	   large	   combustion	   system	   II),	   graphitized	   and	   then	  
analysed	   with	   the	   AMS.	   The	   14C(bioCO2 ) 	  value	   for	   the	   waste	   incineration	   plant	   samples	  
could	   not	   be	   determined	   based	   on	   14C	   analysis	   of	   the	   biogenic	   carbon	   fraction	   in	   the	  
waste,	  because	  a	   representative	   sampling	  of	   this	   fraction	   from	  the	   investigated	  variable	  
waste	   batch	   was	   (and	   is)	   not	   possible.	   Instead,	   an	   estimated	   14C	   value	   (corrected	   for	  
isotope	   fractionation	   and	   decay:	   14aN
S)	   was	   used,	   which	   was	   based	   on	   average	   growth	  
years	  of	  biomass-­‐based	  waste	  materials	  and	   related	  atmospheric	   14CO2	  values	   (Mohn	  et	  
al.,	  2008).	  
	  
2.2.4	  Calculation	  of	   f(CO2 _air ) 	  
The	   fraction	   air-­‐CO2	   in	   the	   total	   extracted	   CO2	   amount	   of	   each	   sample,	   f(CO2 _air ) 	  (as	  
explained	  in	  previous	  section),	  was	  determined	  for	  the	  power	  plant	  samples	  as	  following.	  
	  
f(CO2 _air ) = f(CO2 _ fluegas) ⋅
mC(air )
mC(wood ) +mC(coal ) +mC(natural _ gas) +mC(air )





f(CO2 _ fluegas) =1− f(CO2_NaOH ) 	   	   	   	   	   (2.5)	  
	  
Here,	  the	  fraction	  of	  air-­‐CO2	   in	  each	  extracted	  CO2	  sample	   is	  not	  only	  determined	  by	  
the	  flue	  gas	  CO2	  from	  the	  wood,	  coal	  and	  natural	  gas,	  but	  also	  by	  the	  fraction	  of	  CO2	  from	  
the	  NaOH	   contamination	   that	   is	   extracted	   as	  well.	   The	   fraction	   f CO2 _ fluegas( ) ,	   corrects	   for	  
this.	   This	   correction	   was	   not	   applied	   in	   the	   research	   paper;	   however,	   it	   changes	   the	  
calculated	  air-­‐CO2	  fractions	  by	  only	  0.01%	  (absolute)	  maximum.	  
The	  mC(...) 	  values	  for	  air,	  wood,	  coal	  and	  natural	  gas,	  are	  the	  total	  carbon	  masses	  (in	  
kg)	  of	  each	  type	  that	  ended	  up	  in	  flue	  gas	  during	  a	  specific	  time	  interval.	  The	  mC(...) 	  values	  
for	  wood,	  coal	  and	  natural	  gas	  were	  determined	  as	  described	  in	  the	  next	  section	  2.2.5.	  
	  
mC(air ) 	  was	   calculated	   as	   following	   for	   the	   different	   power	   plant	   samples.	   The	   used	  
values	  were	  the	  same	  for	  all	  samples,	  except	  the	  sampling	  time	  period	  (in	  minutes):	  
	  
mC air( ) =








'⋅ sampling time 	  	  	   (2.6)	  
	  
Where,	  flowatmospheric	  air	  is	  the	  amount	  of	  air	  (in	  kg/min)	  as	  determined	  by	  the	  power	  plant	  
operator.	   [CO2]air	   (v/v%)	   	   is	   the	   fraction	   of	   CO2	   in	   ppm	   air	   volume.	   For	   the	   air	   density	   a	  
standardized	  value	  for	  air	  (in	  kg/m3)	  was	  taken.	  
	  
For	   the	   flue	  gas	  samples	  of	   the	  waste	   incineration	  plant,	   the	  above	  calculation	  could	  
not	   be	   used,	   due	   to	   the	   undetermined	   flow	   of	   atmospheric	   air.	   Therefore,	   instead	   an	  
average	   f(CO2 _air ) 	  value	  was	  calculated	  with	  the	  following	  equation:	  	  	  
	  
f(CO2 _air ) = f CO2 _ fluegas( ) ⋅
flowatmosphericair ⋅ CO2[ ] air(v/v)







	   	   	   (2.7)	  
	  
Here,	   f(CO2 _ fluegas) 	  is	   calculated	   according	   to	   equation	   2.5.	   This	   factor	  was	   not	   taken	   into	  
account	  in	  the	  research	  paper,	  but	  the	  effect	  on	  the	  calculated	  fraction	  is	  negligibly	  small.	  
€ 
flowatmospheric air 	  (combustion,	   leakage	   and	   transport	   air)	   and	   flowfluegas 	  (dry)	   were	  
estimated	   based	   on	  minimal	   and	  maximum	   values.	   These	   values	  were	   obtained	   from	   a	  
calculation	   sheet	   of	   the	   waste	   incineration	   plant	   and	   were	   mainly	   determined	   by	   the	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 process	  in	  which	  air	  needed	  for	  the	  combustion	  is	  heated	  up	  by	  using	  the	  heat	  of	  flue	  gas.	  
At	   the	   investigated	   waste	   incineration	   plant,	   air	   leaks	   into	   the	   flue	   gas	   during	   the	  
transport	  of	  this	  gas	  from	  the	  combustion	  furnace,	  via	  the	  flue	  gas-­‐washing	  set-­‐up,	  to	  the	  
chimney.	  The	  applied	  calculations	  to	  obtain	  the	  air-­‐CO2-­‐fractions	  ( f(CO2 _air ) )	  are	  described	  
in	  section	  2.2.4.	  	  
The	  CO2	  contamination	  of	  the	  NaOH	  solution	  was	  discovered	  after	  the	  two	  sampling	  
expeditions	  had	  taken	  place.	  Abusively	  a	  wrong	  batch	  of	  NaOH	  that	  had	  already	  absorbed	  
some	  atmospheric	  air	  CO2	  was	  used,	   instead	  of	   the	  clean	  batch	   that	   is	  normally	  used	  at	  
the	  CIO	  laboratory	  for	  these	  kinds	  of	  sampling	  applications.	  	  
	  
Instead	  of	  general	  eq.	  1.3,	  equation	  2.2	  was	  applied	  to	  calculate	  the	  biogenic	  carbon	  
fraction	   for	   the	   flue	   gas	   CO2	   samples	   investigated	   in	   this	   study.	   Using	   the	   information	  




14C(CO2 _air ) ⋅ f(CO2 _air )( )− 14C(CO2 _NaOH ) ⋅ f(CO2 _NaOH )( )
14C(bioCO2 )
	  	  	   (2.3)	  
	  
The	  14C	  reference	  value	  for	  100%	  biogenic	  carbon,	   14C(bioCO2 ) ,	  was	  determined	  (as	  
14aN	  
value)	   for	   the	  power	  plants	   samples	  by	   the	   14C	  analysis	  of	  a	  5-­‐gram	  subsample	  of	  wood	  
pellets	   from	   the	   same	   batch	   as	   combusted	   during	   the	   sampling	   campaign.	   The	   wood	  
sample	   was	   combusted	   to	   CO2	   (CIO	   large	   combustion	   system	   II),	   graphitized	   and	   then	  
analysed	   with	   the	   AMS.	   The	   14C(bioCO2 ) 	  value	   for	   the	   waste	   incineration	   plant	   samples	  
could	   not	   be	   determined	   based	   on	   14C	   analysis	   of	   the	   biogenic	   carbon	   fraction	   in	   the	  
waste,	  because	  a	   representative	   sampling	  of	   this	   fraction	   from	  the	   investigated	  variable	  
waste	   batch	   was	   (and	   is)	   not	   possible.	   Instead,	   an	   estimated	   14C	   value	   (corrected	   for	  
isotope	   fractionation	   and	   decay:	   14aN
S)	   was	   used,	   which	   was	   based	   on	   average	   growth	  
years	  of	  biomass-­‐based	  waste	  materials	  and	   related	  atmospheric	   14CO2	  values	   (Mohn	  et	  
al.,	  2008).	  
	  
2.2.4	  Calculation	  of	   f(CO2 _air ) 	  
The	   fraction	   air-­‐CO2	   in	   the	   total	   extracted	   CO2	   amount	   of	   each	   sample,	   f(CO2 _air ) 	  (as	  
explained	  in	  previous	  section),	  was	  determined	  for	  the	  power	  plant	  samples	  as	  following.	  
	  
f(CO2 _air ) = f(CO2 _ fluegas) ⋅
mC(air )
mC(wood ) +mC(coal ) +mC(natural _ gas) +mC(air )





f(CO2 _ fluegas) =1− f(CO2_NaOH ) 	   	   	   	   	   (2.5)	  
	  
Here,	  the	  fraction	  of	  air-­‐CO2	   in	  each	  extracted	  CO2	  sample	   is	  not	  only	  determined	  by	  
the	  flue	  gas	  CO2	  from	  the	  wood,	  coal	  and	  natural	  gas,	  but	  also	  by	  the	  fraction	  of	  CO2	  from	  
the	  NaOH	   contamination	   that	   is	   extracted	   as	  well.	   The	   fraction	   f CO2 _ fluegas( ) ,	   corrects	   for	  
this.	   This	   correction	   was	   not	   applied	   in	   the	   research	   paper;	   however,	   it	   changes	   the	  
calculated	  air-­‐CO2	  fractions	  by	  only	  0.01%	  (absolute)	  maximum.	  
The	  mC(...) 	  values	  for	  air,	  wood,	  coal	  and	  natural	  gas,	  are	  the	  total	  carbon	  masses	  (in	  
kg)	  of	  each	  type	  that	  ended	  up	  in	  flue	  gas	  during	  a	  specific	  time	  interval.	  The	  mC(...) 	  values	  
for	  wood,	  coal	  and	  natural	  gas	  were	  determined	  as	  described	  in	  the	  next	  section	  2.2.5.	  
	  
mC(air ) 	  was	   calculated	   as	   following	   for	   the	   different	   power	   plant	   samples.	   The	   used	  
values	  were	  the	  same	  for	  all	  samples,	  except	  the	  sampling	  time	  period	  (in	  minutes):	  
	  
mC air( ) =








'⋅ sampling time 	  	  	   (2.6)	  
	  
Where,	  flowatmospheric	  air	  is	  the	  amount	  of	  air	  (in	  kg/min)	  as	  determined	  by	  the	  power	  plant	  
operator.	   [CO2]air	   (v/v%)	   	   is	   the	   fraction	   of	   CO2	   in	   ppm	   air	   volume.	   For	   the	   air	   density	   a	  
standardized	  value	  for	  air	  (in	  kg/m3)	  was	  taken.	  
	  
For	   the	   flue	  gas	  samples	  of	   the	  waste	   incineration	  plant,	   the	  above	  calculation	  could	  
not	   be	   used,	   due	   to	   the	   undetermined	   flow	   of	   atmospheric	   air.	   Therefore,	   instead	   an	  
average	   f(CO2 _air ) 	  value	  was	  calculated	  with	  the	  following	  equation:	  	  	  
	  
f(CO2 _air ) = f CO2 _ fluegas( ) ⋅
flowatmosphericair ⋅ CO2[ ] air(v/v)







	   	   	   (2.7)	  
	  
Here,	   f(CO2 _ fluegas) 	  is	   calculated	   according	   to	   equation	   2.5.	   This	   factor	  was	   not	   taken	   into	  
account	  in	  the	  research	  paper,	  but	  the	  effect	  on	  the	  calculated	  fraction	  is	  negligibly	  small.	  
€ 
flowatmospheric air 	  (combustion,	   leakage	   and	   transport	   air)	   and	   flowfluegas 	  (dry)	   were	  
estimated	   based	   on	  minimal	   and	  maximum	   values.	   These	   values	  were	   obtained	   from	   a	  




 amount	   of	   combusted	   waste.	   The	   amount	   of	   combusted	   waste	   during	   the	   sampling	  
campaign	  was	  approximated.	  
	  
2.2.5	  Mass	  data	  method	  	  
The	   14C-­‐based	  biogenic	   fuel-­‐derived	  CO2	   fractions	  of	   the	  power	  plant	   samples	  were	  
verified	   for	   the	   same	   time	   intervals	   by	   comparison	   with	   the	   fractions	   calculated	   from	  
carbon	  input	  and	  output	  mass	  data:	  the	  ‘mass	  data	  method’.	  In	  this	  method	  the	  biogenic	  







mC(bio) +mC(coal ) +mC(natural _ gas)
	   	   	   (2.8)	  
	  
mC(...) 	  is	  the	  total	  carbon	  mass	  of	  each	  combusted	  fuel	  source	  (biomass,	  coal,	  natural	  
gas)	  emitted	  by	  the	  power	  plant	  in	  flue	  gas	  during	  a	  specific	  sampling	  interval.	  The	  carbon	  
contribution	  of	   coal	   to	   the	   flue	   gas	  was	   corrected	   for	   the	   entire	   contribution	  of	   carbon	  
that	  ended	  up	  in	  the	  ash	  (see	  also	  section	  2.1	  in	  which	  this	  is	  explained	  in	  more	  detail).	  It	  
was	  assumed	  that	  after	  the	  combustion	  of	  wood	  and	  natural	  gas	  all	  carbon	  of	  these	  fuels	  
ended	   up	   in	   the	   flue	   gas.	   For	   the	   comparison	   with	   the	   14CO2-­‐based	   biogenic	   carbon	  
fractions,	   it	   was	   assumed	   that	   the	   calculated	   carbon-­‐ash-­‐free	   carbon	   amounts	   of	   the	  
combusted	  fuels	  represented	  the	  biogenic-­‐fossil	  carbon	  composition	  of	  flue	  gas	  CO2.	  CO2	  
is	  the	  main	  carbon	  component	  in	  the	  flue	  gas	  after	  combustion	  of	  the	  fuels,	  the	  relatively	  
small	  amounts	  of	  CO	  and	  other	   fuel-­‐derived	  carbon	  containing	  compounds,	  which	  could	  
have	  slightly	  different	  biogenic	  carbon	  fractions	  than	  CO2,	  have	  been	  ignored	  in	  the	  mass	  


















Table	  2.1	  gives	  the	  values	  for	  
€ 
14C(bioCO2 ),	  
14C(CO2 )_air 	  and	  
14C(CO2 )_NaOH ,	  and	  table	  2.2	  gives	  
the	   values	   for	   14C(sampleCO2 ) ,	   f(CO2 )_air 	  and	   f(CO2 )_NaOH ,	   for	   power	   plant	   samples	   (“PP”)	   and	  
waste	   incineration	   plant	   samples	   (“WI”).	   These	   values	   were	   used	   to	   calculate	   the	   14C-­‐
based	  biogenic	  fuel-­‐derived	  flue	  gas	  CO2	  fraction,	   fCbio (eq.	  2.3).	  The	  values	  for	   f(CO2 )_NaOH 	  
and	   14C(CO2 )_NaOH 	  were	  quantified	  by	  the	  extraction	  and	  
14C	  measurement	  of	  CO2	  from	  two	  
blank	   NaOH	   solutions	   (average	   result:	   0.046	   ±	   0.006	   ml	   CO2/ml	   extracted	   2	   M	   NaOH	  
solution).	   Table	   2.3	   gives	   the	   measured	   (average)	   CO2	   concentrations	   in	   each	   flue	   gas	  
sample	  (%,	  v/v)	  and	  the	  amounts	  of	  used	  subsample	  and	  extracted	  CO2.	  Table	  2.4	  gives	  for	  
each	   investigated	   time	   interval	   the	   carbon	   masses	   (in	   kg)	   in	   the	   flue	   gas	   from	   the	  
combusted	  wood,	  coal	  and	  natural	  gas	  and	  atmospheric	  (combustion)	  air.	  	  
	  
Table	  2.1.	  14C	  values	  for	  
€ 
14C(bioCO2 ),	  
14C(CO2 )_air 	  and	  
14C(CO2 )_NaOH 	  
Carbon	  source	   14C	  (%)	  ±	  2σ	   Reference	  
€ 
14C(bioCO2 ),	  Biomass	  power	  plant	  (n	  =	  1)	   116	  ±	  8	  
(a)	   Measured	  at	  CIO	  lab	  
€ 
14C(bioCO2 ),	  Biomass	  waste	  incineration	   113	  ±	  8	   Mohn	  et	  al.	  (2008)	  
14C(CO2 )_air ,	  Atmospheric	  air	   100	  ±	  10	   Estimated(b)	  
14C(CO2 )_NaOH ,	  	  (n	  =	  2),	  contamination	   101	  ±	  8	   Measured	  at	  CIO	  lab	  
(a)	   10	   gram	   of	   wood	   pellets	   were	   combusted	   and	   were	   analysed	   on	   14C	   using	   a	  
proportional	  gas	  counter.	  The	  sample	  was	   treated	  as	  any	  organic	  sample	   for	   routine	  14C	  
measurement	  with	  proportional	  gas	  counter	  (Mook	  and	  Streurman,	  1983).	  	  	  
(b)	   This	   14C	   value	  was	   based	  on	   14CO2	  measurements	   at	   the	  Dutch	  measurement	   station	  
Lutjewad	  of	  the	  CIO	  in	  2008.	  The	  atmospheric	  14C	  value	  at	  Lutjewad	  was	  104%	  in	  average	  
in	  the	  period	  July-­‐September.	  Since	  atmospheric	  (combustion)	  air	  was	  obtained	  from	  the	  
surrounding	   areas	   of	   the	   power	   plant	   and	   waste	   incineration	   plant	   respectively,	   the	  
specific	   air	  might	   have	   been	   depleted	   in	   14C	   due	   to	   the	   fossil	   fuel	   CO2	   emissions.	   A	  
14C	  








 amount	   of	   combusted	   waste.	   The	   amount	   of	   combusted	   waste	   during	   the	   sampling	  
campaign	  was	  approximated.	  
	  
2.2.5	  Mass	  data	  method	  	  
The	   14C-­‐based	  biogenic	   fuel-­‐derived	  CO2	   fractions	  of	   the	  power	  plant	   samples	  were	  
verified	   for	   the	   same	   time	   intervals	   by	   comparison	   with	   the	   fractions	   calculated	   from	  
carbon	  input	  and	  output	  mass	  data:	  the	  ‘mass	  data	  method’.	  In	  this	  method	  the	  biogenic	  







mC(bio) +mC(coal ) +mC(natural _ gas)
	   	   	   (2.8)	  
	  
mC(...) 	  is	  the	  total	  carbon	  mass	  of	  each	  combusted	  fuel	  source	  (biomass,	  coal,	  natural	  
gas)	  emitted	  by	  the	  power	  plant	  in	  flue	  gas	  during	  a	  specific	  sampling	  interval.	  The	  carbon	  
contribution	  of	   coal	   to	   the	   flue	   gas	  was	   corrected	   for	   the	   entire	   contribution	  of	   carbon	  
that	  ended	  up	  in	  the	  ash	  (see	  also	  section	  2.1	  in	  which	  this	  is	  explained	  in	  more	  detail).	  It	  
was	  assumed	  that	  after	  the	  combustion	  of	  wood	  and	  natural	  gas	  all	  carbon	  of	  these	  fuels	  
ended	   up	   in	   the	   flue	   gas.	   For	   the	   comparison	   with	   the	   14CO2-­‐based	   biogenic	   carbon	  
fractions,	   it	   was	   assumed	   that	   the	   calculated	   carbon-­‐ash-­‐free	   carbon	   amounts	   of	   the	  
combusted	  fuels	  represented	  the	  biogenic-­‐fossil	  carbon	  composition	  of	  flue	  gas	  CO2.	  CO2	  
is	  the	  main	  carbon	  component	  in	  the	  flue	  gas	  after	  combustion	  of	  the	  fuels,	  the	  relatively	  
small	  amounts	  of	  CO	  and	  other	   fuel-­‐derived	  carbon	  containing	  compounds,	  which	  could	  
have	  slightly	  different	  biogenic	  carbon	  fractions	  than	  CO2,	  have	  been	  ignored	  in	  the	  mass	  


















Table	  2.1	  gives	  the	  values	  for	  
€ 
14C(bioCO2 ),	  
14C(CO2 )_air 	  and	  
14C(CO2 )_NaOH ,	  and	  table	  2.2	  gives	  
the	   values	   for	   14C(sampleCO2 ) ,	   f(CO2 )_air 	  and	   f(CO2 )_NaOH ,	   for	   power	   plant	   samples	   (“PP”)	   and	  
waste	   incineration	   plant	   samples	   (“WI”).	   These	   values	   were	   used	   to	   calculate	   the	   14C-­‐
based	  biogenic	  fuel-­‐derived	  flue	  gas	  CO2	  fraction,	   fCbio (eq.	  2.3).	  The	  values	  for	   f(CO2 )_NaOH 	  
and	   14C(CO2 )_NaOH 	  were	  quantified	  by	  the	  extraction	  and	  
14C	  measurement	  of	  CO2	  from	  two	  
blank	   NaOH	   solutions	   (average	   result:	   0.046	   ±	   0.006	   ml	   CO2/ml	   extracted	   2	   M	   NaOH	  
solution).	   Table	   2.3	   gives	   the	   measured	   (average)	   CO2	   concentrations	   in	   each	   flue	   gas	  
sample	  (%,	  v/v)	  and	  the	  amounts	  of	  used	  subsample	  and	  extracted	  CO2.	  Table	  2.4	  gives	  for	  
each	   investigated	   time	   interval	   the	   carbon	   masses	   (in	   kg)	   in	   the	   flue	   gas	   from	   the	  
combusted	  wood,	  coal	  and	  natural	  gas	  and	  atmospheric	  (combustion)	  air.	  	  
	  
Table	  2.1.	  14C	  values	  for	  
€ 
14C(bioCO2 ),	  
14C(CO2 )_air 	  and	  
14C(CO2 )_NaOH 	  
Carbon	  source	   14C	  (%)	  ±	  2σ	   Reference	  
€ 
14C(bioCO2 ),	  Biomass	  power	  plant	  (n	  =	  1)	   116	  ±	  8	  
(a)	   Measured	  at	  CIO	  lab	  
€ 
14C(bioCO2 ),	  Biomass	  waste	  incineration	   113	  ±	  8	   Mohn	  et	  al.	  (2008)	  
14C(CO2 )_air ,	  Atmospheric	  air	   100	  ±	  10	   Estimated(b)	  
14C(CO2 )_NaOH ,	  	  (n	  =	  2),	  contamination	   101	  ±	  8	   Measured	  at	  CIO	  lab	  
(a)	   10	   gram	   of	   wood	   pellets	   were	   combusted	   and	   were	   analysed	   on	   14C	   using	   a	  
proportional	  gas	  counter.	  The	  sample	  was	   treated	  as	  any	  organic	  sample	   for	   routine	  14C	  
measurement	  with	  proportional	  gas	  counter	  (Mook	  and	  Streurman,	  1983).	  	  	  
(b)	   This	   14C	   value	  was	   based	  on	   14CO2	  measurements	   at	   the	  Dutch	  measurement	   station	  
Lutjewad	  of	  the	  CIO	  in	  2008.	  The	  atmospheric	  14C	  value	  at	  Lutjewad	  was	  104%	  in	  average	  
in	  the	  period	  July-­‐September.	  Since	  atmospheric	  (combustion)	  air	  was	  obtained	  from	  the	  
surrounding	   areas	   of	   the	   power	   plant	   and	   waste	   incineration	   plant	   respectively,	   the	  
specific	   air	  might	   have	   been	   depleted	   in	   14C	   due	   to	   the	   fossil	   fuel	   CO2	   emissions.	   A	  
14C	  









 Table	  2.2.	  Measured	   14C(sampleCO2 ) 	  values	  in	  flue	  gas	  CO2	  samples	  and	  the	  fractions	  (in	  %)	  of	  
CO2	   from	   atmospheric	   air	   ( f(CO2 )_air )	   and	   NaOH	   contamination	   ( f(CO2 )_NaOH )	   in	   the	  
extracted	  CO2	  amounts.	  
Sample	  
name	  
14C(sampleCO2 ) 	  	  
(%)	  ±	  2σ	  
f(CO2 )_air 	  	  
(%)	  ±	  2σ	  
f(CO2 )_NaOH 	  	  
(%)	  ±	  2σ	  
PP_1	   16.66	  ±	  0.34	   0.31	  ±	  0.03	   4.3	  ±	  1.0	  
PP_2	   16.71	  ±	  0.34	   0.31	  ±	  0.03	   5.0	  ±	  1.4	  
PP_5	   14.97	  ±	  0.34	   0.35	  ±	  0.03	   2.9	  ±	  0.8	  
PP_6	   13.03	  ±	  0.34	   0.35	  ±	  0.04	   2.7	  ±	  0.8	  
PP_7	   9.18	  ±	  0.34	   0.35	  ±	  0.04	   2.7	  ±	  0.8	  
PP_8	   8.39	  ±	  0.34	   0.33	  ±	  0.03	   2.2	  ±	  0.6	  
PP_9	   8.55	  ±	  0.34	   0.32	  ±	  0.03	   2.3	  ±	  0.6	  
PP_10	   8.56	  ±	  0.34	   0.32	  ±	  0.03	   2.5	  ±	  0.6	  
WI_1	   57.01	  ±	  0.50	   0.33	  ±	  0.08	   2.4	  ±	  0.6	  
WI_2	   56.59	  ±	  0.50	   0.33	  ±	  0.08	   2.3	  ±	  0.6	  
WI_3	   55.95	  ±	  0.50	   0.34	  ±	  0.09	   2.6	  ±	  0.8	  
WI_4	   55.22	  ±	  0.50	   0.34	  ±	  0.09	   2.9	  ±	  0.8	  
WI_5	   56.89	  ±	  0.50	   0.34	  ±	  0.09	   2.3	  ±	  0.6	  
WI_6	   57.17	  ±	  0.50	   0.32	  ±	  0.08	   2.5	  ±	  0.8	  
WI_7	   59.11	  ±	  0.50	   0.34	  ±	  0.09	   2.6	  ±	  0.8	  
WI_8	   57.89	  ±	  0.50	   0.33	  ±	  0.08	   2.1	  ±	  0.6	  
WI_9	   58.64	  ±	  0.50	   0.31	  ±	  0.08	   2.5	  ±	  0.6	  
WI_10	   60.22	  ±	  0.50	   0.31	  ±	  0.08	   2.4	  ±	  0.6	  
WI_11	   60.46	  ±	  0.50	   0.31	  ±	  0.08	   2.2	  ±	  0.6	  
WI_12	   58.53	  ±	  0.50	   0.31	  ±	  0.08	   2.4	  ±	  0.6	  













Table	   2.3.	   CO2	   concentration	   (%,	   v/v)	   in	   sampled	   flue	   gas,	   extracted	   sample	   amount	  
(NaOH	   solution)	   and	   the	   amount	   of	   CO2	   released	   from	   this	   sample	   volume	   during	   the	  
extraction	  procedure.	  
Sample	   CO2	  flue	  gas	   Extracted	  sample	   Extracted	  CO2	  
name	   (%	  v/v	  ±	  0.2)(a)	   volume	  (ml)	   (ml	  ±	  0.5	  ml)	  
PP_1	   11.8	   5.7	   6.0	  
PP_2	   11.6	   5.6	   5.1	  
PP_3	   11.5	   16.6	   4.6	  
PP_4	   11.5	   13.0	   4.6	  
PP_5	   10.8	   3.0	   4.7	  
PP_6	   10.8	   3.0	   5.0	  
PP_7	   10.9	   3.0	   5.0	  
PP_8	   11.1	   3.0	   6.1	  
PP_9	   11.4	   2.7	   5.2	  
PP_10	   11.3	   2.6	   4.8	  
WI_1	   11.8	   3.0	   5.7	  
WI_2	   11.9	   2.6	   5.1	  
WI_3	   11.5	   2.7	   4.7	  
WI_4	   11.4	   2.7	   4.2	  
WI_5	   11.5	   2.7	   5.3	  
WI_6	   12.0	   2.5	   4.5	  
WI_7	   11.5	   2.7	   4.7	  
WI_8	   12.0	   2.7	   5.8	  
WI_9	   12.4	   2.5	   4.6	  
WI_10	   12.5	   2.5	   4.8	  
WI_11	   12.6	   2.5	   5.1	  
WI_12	   12.5	   2.5	   4.8	  
WI_13	   12.2	   2.7	   5.3	  
(a)	  The	  CO2	  concentration	  was	  measured	  continuously.	  Since	  the	  results	  were	  not	  logged	  to	  
a	   computer,	   the	   average	   CO2	   concentration	   of	   each	   sample	   was	   calculated	   from	   3-­‐4	  
different	  measurement	   results,	  which	  were	   read	  out	  during	  each	   sampling	   interval.	   The	  








 Table	  2.2.	  Measured	   14C(sampleCO2 ) 	  values	  in	  flue	  gas	  CO2	  samples	  and	  the	  fractions	  (in	  %)	  of	  
CO2	   from	   atmospheric	   air	   ( f(CO2 )_air )	   and	   NaOH	   contamination	   ( f(CO2 )_NaOH )	   in	   the	  
extracted	  CO2	  amounts.	  
Sample	  
name	  
14C(sampleCO2 ) 	  	  
(%)	  ±	  2σ	  
f(CO2 )_air 	  	  
(%)	  ±	  2σ	  
f(CO2 )_NaOH 	  	  
(%)	  ±	  2σ	  
PP_1	   16.66	  ±	  0.34	   0.31	  ±	  0.03	   4.3	  ±	  1.0	  
PP_2	   16.71	  ±	  0.34	   0.31	  ±	  0.03	   5.0	  ±	  1.4	  
PP_5	   14.97	  ±	  0.34	   0.35	  ±	  0.03	   2.9	  ±	  0.8	  
PP_6	   13.03	  ±	  0.34	   0.35	  ±	  0.04	   2.7	  ±	  0.8	  
PP_7	   9.18	  ±	  0.34	   0.35	  ±	  0.04	   2.7	  ±	  0.8	  
PP_8	   8.39	  ±	  0.34	   0.33	  ±	  0.03	   2.2	  ±	  0.6	  
PP_9	   8.55	  ±	  0.34	   0.32	  ±	  0.03	   2.3	  ±	  0.6	  
PP_10	   8.56	  ±	  0.34	   0.32	  ±	  0.03	   2.5	  ±	  0.6	  
WI_1	   57.01	  ±	  0.50	   0.33	  ±	  0.08	   2.4	  ±	  0.6	  
WI_2	   56.59	  ±	  0.50	   0.33	  ±	  0.08	   2.3	  ±	  0.6	  
WI_3	   55.95	  ±	  0.50	   0.34	  ±	  0.09	   2.6	  ±	  0.8	  
WI_4	   55.22	  ±	  0.50	   0.34	  ±	  0.09	   2.9	  ±	  0.8	  
WI_5	   56.89	  ±	  0.50	   0.34	  ±	  0.09	   2.3	  ±	  0.6	  
WI_6	   57.17	  ±	  0.50	   0.32	  ±	  0.08	   2.5	  ±	  0.8	  
WI_7	   59.11	  ±	  0.50	   0.34	  ±	  0.09	   2.6	  ±	  0.8	  
WI_8	   57.89	  ±	  0.50	   0.33	  ±	  0.08	   2.1	  ±	  0.6	  
WI_9	   58.64	  ±	  0.50	   0.31	  ±	  0.08	   2.5	  ±	  0.6	  
WI_10	   60.22	  ±	  0.50	   0.31	  ±	  0.08	   2.4	  ±	  0.6	  
WI_11	   60.46	  ±	  0.50	   0.31	  ±	  0.08	   2.2	  ±	  0.6	  
WI_12	   58.53	  ±	  0.50	   0.31	  ±	  0.08	   2.4	  ±	  0.6	  













Table	   2.3.	   CO2	   concentration	   (%,	   v/v)	   in	   sampled	   flue	   gas,	   extracted	   sample	   amount	  
(NaOH	   solution)	   and	   the	   amount	   of	   CO2	   released	   from	   this	   sample	   volume	   during	   the	  
extraction	  procedure.	  
Sample	   CO2	  flue	  gas	   Extracted	  sample	   Extracted	  CO2	  
name	   (%	  v/v	  ±	  0.2)(a)	   volume	  (ml)	   (ml	  ±	  0.5	  ml)	  
PP_1	   11.8	   5.7	   6.0	  
PP_2	   11.6	   5.6	   5.1	  
PP_3	   11.5	   16.6	   4.6	  
PP_4	   11.5	   13.0	   4.6	  
PP_5	   10.8	   3.0	   4.7	  
PP_6	   10.8	   3.0	   5.0	  
PP_7	   10.9	   3.0	   5.0	  
PP_8	   11.1	   3.0	   6.1	  
PP_9	   11.4	   2.7	   5.2	  
PP_10	   11.3	   2.6	   4.8	  
WI_1	   11.8	   3.0	   5.7	  
WI_2	   11.9	   2.6	   5.1	  
WI_3	   11.5	   2.7	   4.7	  
WI_4	   11.4	   2.7	   4.2	  
WI_5	   11.5	   2.7	   5.3	  
WI_6	   12.0	   2.5	   4.5	  
WI_7	   11.5	   2.7	   4.7	  
WI_8	   12.0	   2.7	   5.8	  
WI_9	   12.4	   2.5	   4.6	  
WI_10	   12.5	   2.5	   4.8	  
WI_11	   12.6	   2.5	   5.1	  
WI_12	   12.5	   2.5	   4.8	  
WI_13	   12.2	   2.7	   5.3	  
(a)	  The	  CO2	  concentration	  was	  measured	  continuously.	  Since	  the	  results	  were	  not	  logged	  to	  
a	   computer,	   the	   average	   CO2	   concentration	   of	   each	   sample	   was	   calculated	   from	   3-­‐4	  
different	  measurement	   results,	  which	  were	   read	  out	  during	  each	   sampling	   interval.	   The	  









 Table	  2.4.	  Total	  carbon	  mass	  values	  (mC(...) 	  in	  eq.	  2.3)	  of	  the	  different	  carbon	  sources	   in	  
power	  plant	  flue	  gas	  for	  the	  investigated	  sampling	  intervals.	  The	  given	  relative	  uncertainty	  
is	  an	  estimation	  of	  the	  95%	  confidence	  interval	  (2-­‐sigma)	  for	  these	  particular	  mass	  flows.	  
	   Carbon	  mass	  in	  flue	  gas	   	   	  
Sampling	   	  mCwood	   mCcoal	   mCnatural	  gas	   mCair	  
Interval	  of:	   (kg)	  ±	  10%	   (kg)	  ±	  10%	   (kg)	  ±	  10%	   (kg)	  ±	  4%	  
PP_1	  (45	  min.)	   11105	   91780	   3897	   345	  
PP_2	  (45	  min.)	   10597	   91755	   3894	   345	  
PP_3	  (51	  min.)	   12074	   104282	   4416	   391	  
PP_4	  (46	  min.)	   10835	   94235	   3984	   353	  
PP_5	  (45	  min.)	   10488	   81030	   3889	   345	  
PP_6	  (45	  min.)	   7348	   83853	   3890	   345	  
PP_7	  (40	  min.)	   4589	   76123	   3460	   307	  
PP_8	  (45	  min.)	   4970	   91845	   3890	   345	  
PP_9	  (47	  min.)	   5292	   100417	   4056	   361	  
PP_10	  (45	  min.)	   5174	   96284	   3883	   345	  
	  
The	   wood,	   coal	   and	   natural	   gas	   data	   were	   obtained	   from	   different	   measurements	  
performed	  by	  the	  power	  plant	  company	   itself.	  The	  data	  of	   the	  power	  plant	  consisted	  of	  
the	   input	   flows	   of	   the	   separate	   materials	   (per	   minute	   in	   kg/s),	   the	   ash	   and	   moisture	  
contents,	  the	  elemental	  composition	  of	  the	  combusted	  materials	  and	  the	  carbon	  content	  
of	   the	  ash.	  For	  all	   these	  values	  an	  estimated	   relative	  uncertainty	  of	  5%	  was	  used	   in	   the	  
calculations.	   The	   carbon	   content	   of	   the	   input	   materials	   (not	   dried	   and	   incl.	   the	   ash-­‐
fraction)	  was	  65%,	  49%	  and	  57%	  for	  coal,	  wood	  and	  natural	  gas	  respectively.	  The	  carbon	  
content	  in	  the	  ash	  varied	  in	  time	  between	  5	  and	  8%.	  
	  
The	   fractions	   of	   air-­‐CO2	   in	   the	   extracted	   CO2	   samples,	   f(CO2 )_air ,	   were	   calculated	  
according	   to	   equations	   2.4	   and	   2.7	   for	   the	   power	   plant	   and	   waste	   incineration	   plant	  
samples	  respectively.	  The	  sampling	  time	  period	  of	  each	  of	  power	  plant	  samples	  is	  given	  in	  
table	   2.4.	   Table	   2.5	   gives	   values	   (incl.	   estimated	   1-­‐sigma	   uncertainty	   ranges)	   that	  were	  
used	  for	  the	  power	  plant	  samples	  to	  calculate	  mC(air)	   (eq.	  2.6).	  This	   table	  also	  shows	  the	  
values	  that	  were	  used	  to	  calculate f(CO2 )_air 	  for	  the	  waste	   incineration	  plant	  samples.	  The	  




Table	   2.5.	   Values	   used	   for	   the	   calculations	   of	   mC(air)	   (power	   plant)	   and	   f(CO2_air)	   (waste	  
incineration	  plant).	  The	  given	  uncertainty	  ranges	  are	  1-­‐sigma.	  
Power	  plant	  (eq.	  2.6)	   	  
Air	  flow	  (kg/s)	   770	  ±	  30	  
Air	  density	  (kg/m3)	   1.29	  
Atmospheric	  [CO2]	  (ppm,	  v/v)	   400	  ±	  50	  
Molar	  gas	  volume	  (m3/mole)	   0.0224	  
Mole	  weight	  C	  (kg/mole)	   0.012	  
	   	  
Waste	  incineration	  plant	  (eq.	  2.7)	   	  
Combusted	  waste	  flow	  (ton/h/oven)	   25-­‐30	  
Air	  flow	  (Nm3/h)	   25-­‐40	  
Flue	  gas	  flow	  (dry,	  Nm3/h)	   25-­‐40	  
Atmospheric	  [CO2]	  (ppm,	  v/v)	   400	  ±	  50	  
	  
Table	   2.6	   and	   figure	   2.2	   give	   the	   biogenic	   fuel-­‐derived	   CO2	   fractions,	   as	   determined	  
with	  the	  14C	  method	  and	  mass	  data	  method	  for	  flue	  gas	  samples	  of	  the	  investigated	  Dutch	  
power	   plant.	   Table	   2.7	   lists	   the	   biogenic	   fuel-­‐derived	   CO2	   fractions	   for	   the	   waste	  
incineration	   plant	   samples.	   The	   given	   uncertainties	   in	   the	   14C-­‐based	   biogenic	   carbon	  
fractions	  were	  calculated	  using	  error	  propagation	  (Monte	  Carlo	  simulation).	  
	  
The	  biogenic	  fuel-­‐derived	  CO2	  fraction	  of	  the	  power	  plant	  flue	  gas	  was	  approximately	  
10%	   on	   the	   first	   sampling	   day.	   On	   the	   second	   sampling	   day,	   during	   the	   sampling	   of	  
“PP_6”,	  one	  of	  the	  two	  supplying	  biomass	  units	  of	  the	  power	  plant	  was	  stopped	  and	  the	  
combusted	  biomass	   input	   reduced	  by	  50%,	   resulting	   in	  a	  50%	   reduction	  of	   the	  biogenic	  
fuel-­‐derived	  CO2	  fraction	  to	  5%	  for	  the	  last	  four	  samples	  as	  well.	  
The	   results	   of	   power	   plant	   samples	   “PP_3”	   and	   “PP_4”	   were	   omitted	   because	   the	  
sampling-­‐flow	  and	  therefore	  the	  sampled	  (absorbed)	  CO2	  amounts	  of	  these	  samples	  were	  
much	  lower	  (by	  a	  factor	  6)	  compared	  to	  the	  other	  samples.	  The	  connection	  of	  the	  tubing	  
between	  the	  pump	  system	  and	  the	  washing	  bottle	  of	  the	  flue	  gas	  sampler	  was	  not	  tight	  
and	  leaked	  flue	  gas.	  This	  leakage	  was	  solved	  before	  the	  sampling	  of	  “PP_5”	  and	  has	  only	  
affected	  the	  sampling	  of	  samples	  PP_1	  –	  PP_4.	  This	  was	  confirmed	  when	  the	  CO2	  from	  all	  
samples	  was	  extracted:	  more	  sample	  volume	  had	  to	  be	  extracted	  from	  samples	  PP_1	  to	  
PP_4	  to	  obtain	  the	  same	  amount	  of	  CO2	  in	  comparison	  to	  PP_5	  –	  PP_10,	  while	  the	  flue	  gas	  
CO2	   concentration	  was	   virtually	   constant	   (see	   table	   2.3).	   The	   results	   of	   PP_1	   and	   PP_2	  
have	  not	  been	  omitted,	  because	  on	  the	  basis	  of	   the	  extracted	  CO2	  amount	  the	   leak	  was	  
not	  severe	  yet	  for	  these	  samples.	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 Table	  2.4.	  Total	  carbon	  mass	  values	  (mC(...) 	  in	  eq.	  2.3)	  of	  the	  different	  carbon	  sources	   in	  
power	  plant	  flue	  gas	  for	  the	  investigated	  sampling	  intervals.	  The	  given	  relative	  uncertainty	  
is	  an	  estimation	  of	  the	  95%	  confidence	  interval	  (2-­‐sigma)	  for	  these	  particular	  mass	  flows.	  
	   Carbon	  mass	  in	  flue	  gas	   	   	  
Sampling	   	  mCwood	   mCcoal	   mCnatural	  gas	   mCair	  
Interval	  of:	   (kg)	  ±	  10%	   (kg)	  ±	  10%	   (kg)	  ±	  10%	   (kg)	  ±	  4%	  
PP_1	  (45	  min.)	   11105	   91780	   3897	   345	  
PP_2	  (45	  min.)	   10597	   91755	   3894	   345	  
PP_3	  (51	  min.)	   12074	   104282	   4416	   391	  
PP_4	  (46	  min.)	   10835	   94235	   3984	   353	  
PP_5	  (45	  min.)	   10488	   81030	   3889	   345	  
PP_6	  (45	  min.)	   7348	   83853	   3890	   345	  
PP_7	  (40	  min.)	   4589	   76123	   3460	   307	  
PP_8	  (45	  min.)	   4970	   91845	   3890	   345	  
PP_9	  (47	  min.)	   5292	   100417	   4056	   361	  
PP_10	  (45	  min.)	   5174	   96284	   3883	   345	  
	  
The	   wood,	   coal	   and	   natural	   gas	   data	   were	   obtained	   from	   different	   measurements	  
performed	  by	  the	  power	  plant	  company	   itself.	  The	  data	  of	   the	  power	  plant	  consisted	  of	  
the	   input	   flows	   of	   the	   separate	   materials	   (per	   minute	   in	   kg/s),	   the	   ash	   and	   moisture	  
contents,	  the	  elemental	  composition	  of	  the	  combusted	  materials	  and	  the	  carbon	  content	  
of	   the	  ash.	  For	  all	   these	  values	  an	  estimated	   relative	  uncertainty	  of	  5%	  was	  used	   in	   the	  
calculations.	   The	   carbon	   content	   of	   the	   input	   materials	   (not	   dried	   and	   incl.	   the	   ash-­‐
fraction)	  was	  65%,	  49%	  and	  57%	  for	  coal,	  wood	  and	  natural	  gas	  respectively.	  The	  carbon	  
content	  in	  the	  ash	  varied	  in	  time	  between	  5	  and	  8%.	  
	  
The	   fractions	   of	   air-­‐CO2	   in	   the	   extracted	   CO2	   samples,	   f(CO2 )_air ,	   were	   calculated	  
according	   to	   equations	   2.4	   and	   2.7	   for	   the	   power	   plant	   and	   waste	   incineration	   plant	  
samples	  respectively.	  The	  sampling	  time	  period	  of	  each	  of	  power	  plant	  samples	  is	  given	  in	  
table	   2.4.	   Table	   2.5	   gives	   values	   (incl.	   estimated	   1-­‐sigma	   uncertainty	   ranges)	   that	  were	  
used	  for	  the	  power	  plant	  samples	  to	  calculate	  mC(air)	   (eq.	  2.6).	  This	   table	  also	  shows	  the	  
values	  that	  were	  used	  to	  calculate f(CO2 )_air 	  for	  the	  waste	   incineration	  plant	  samples.	  The	  




Table	   2.5.	   Values	   used	   for	   the	   calculations	   of	   mC(air)	   (power	   plant)	   and	   f(CO2_air)	   (waste	  
incineration	  plant).	  The	  given	  uncertainty	  ranges	  are	  1-­‐sigma.	  
Power	  plant	  (eq.	  2.6)	   	  
Air	  flow	  (kg/s)	   770	  ±	  30	  
Air	  density	  (kg/m3)	   1.29	  
Atmospheric	  [CO2]	  (ppm,	  v/v)	   400	  ±	  50	  
Molar	  gas	  volume	  (m3/mole)	   0.0224	  
Mole	  weight	  C	  (kg/mole)	   0.012	  
	   	  
Waste	  incineration	  plant	  (eq.	  2.7)	   	  
Combusted	  waste	  flow	  (ton/h/oven)	   25-­‐30	  
Air	  flow	  (Nm3/h)	   25-­‐40	  
Flue	  gas	  flow	  (dry,	  Nm3/h)	   25-­‐40	  
Atmospheric	  [CO2]	  (ppm,	  v/v)	   400	  ±	  50	  
	  
Table	   2.6	   and	   figure	   2.2	   give	   the	   biogenic	   fuel-­‐derived	   CO2	   fractions,	   as	   determined	  
with	  the	  14C	  method	  and	  mass	  data	  method	  for	  flue	  gas	  samples	  of	  the	  investigated	  Dutch	  
power	   plant.	   Table	   2.7	   lists	   the	   biogenic	   fuel-­‐derived	   CO2	   fractions	   for	   the	   waste	  
incineration	   plant	   samples.	   The	   given	   uncertainties	   in	   the	   14C-­‐based	   biogenic	   carbon	  
fractions	  were	  calculated	  using	  error	  propagation	  (Monte	  Carlo	  simulation).	  
	  
The	  biogenic	  fuel-­‐derived	  CO2	  fraction	  of	  the	  power	  plant	  flue	  gas	  was	  approximately	  
10%	   on	   the	   first	   sampling	   day.	   On	   the	   second	   sampling	   day,	   during	   the	   sampling	   of	  
“PP_6”,	  one	  of	  the	  two	  supplying	  biomass	  units	  of	  the	  power	  plant	  was	  stopped	  and	  the	  
combusted	  biomass	   input	   reduced	  by	  50%,	   resulting	   in	  a	  50%	   reduction	  of	   the	  biogenic	  
fuel-­‐derived	  CO2	  fraction	  to	  5%	  for	  the	  last	  four	  samples	  as	  well.	  
The	   results	   of	   power	   plant	   samples	   “PP_3”	   and	   “PP_4”	   were	   omitted	   because	   the	  
sampling-­‐flow	  and	  therefore	  the	  sampled	  (absorbed)	  CO2	  amounts	  of	  these	  samples	  were	  
much	  lower	  (by	  a	  factor	  6)	  compared	  to	  the	  other	  samples.	  The	  connection	  of	  the	  tubing	  
between	  the	  pump	  system	  and	  the	  washing	  bottle	  of	  the	  flue	  gas	  sampler	  was	  not	  tight	  
and	  leaked	  flue	  gas.	  This	  leakage	  was	  solved	  before	  the	  sampling	  of	  “PP_5”	  and	  has	  only	  
affected	  the	  sampling	  of	  samples	  PP_1	  –	  PP_4.	  This	  was	  confirmed	  when	  the	  CO2	  from	  all	  
samples	  was	  extracted:	  more	  sample	  volume	  had	  to	  be	  extracted	  from	  samples	  PP_1	  to	  
PP_4	  to	  obtain	  the	  same	  amount	  of	  CO2	  in	  comparison	  to	  PP_5	  –	  PP_10,	  while	  the	  flue	  gas	  
CO2	   concentration	  was	   virtually	   constant	   (see	   table	   2.3).	   The	   results	   of	   PP_1	   and	   PP_2	  
have	  not	  been	  omitted,	  because	  on	  the	  basis	  of	   the	  extracted	  CO2	  amount	  the	   leak	  was	  





Table	   2.6.	   14C-­‐based	   biogenic	   fuel-­‐derived	   CO2	   fraction	   (%),	   ‘
14C fCbio ’	   and	   carbon	  mass-­‐
based	   biogenic	   fuel-­‐derived	   carbon	   fraction	   (%),	   ‘mass fCbio ’,	   for	   power	   plant	   flue	   gas.	  
Both	  method	  results	  are	  shown	  with	  95%	  confidence	  interval	  (2σ).	  




fCbio 	  (%)	  
mass-­‐based	  
fCbio (%)	  
26-­‐08-­‐2008	   14:45	  -­‐	  15:30	  (45	  min.)	   PP_1	   10.3	  ±	  0.9	  	   10.4	  ±	  1.4	  
	   15:32	  -­‐	  16:17	  (45	  min.)	   PP_2	   9.8	  ±	  1.0	   10.0	  ±	  1.4	  
	   16:19	  –	  17:10	  (51	  min.)	   PP_3	   -­‐	   10.0	  ±	  1.4	  
	   17:12	  –	  17:58	  (46	  min.)	   PP_4	   -­‐	   9.9	  ±	  1.4	  
27-­‐08-­‐2008	   9:05	  -­‐	  9:50	  (45	  min.)	   PP_5	   10.1	  ±	  0.9	  	   11.0	  ±	  1.4	  
	   9:52	  -­‐	  10:37	  (45	  min.)	   PP_6	   8.5	  ±	  0.8	   7.7	  ±	  1.0	  
	   10:40	  -­‐	  11:20	  (40	  min.)	   PP_7	   5.3	  ±	  0.6	  	   5.4	  ±	  0.8	  
	   11:25	  -­‐	  12:10	  (45	  min.)	   PP_8	   5.0	  ±	  0.6	   4.9	  ±	  0.6	  
	   12:13	  -­‐	  13:00	  (47	  min.)	   PP_9	   5.0	  ±	  0.6	   4.8	  ±	  0.6	  
	   13:02	  -­‐	  13:47	  (45	  min.)	   PP_10	   4.9	  ±	  0.6	   4.9	  ±	  0.6	  
	  
The	  results	  of	   the	   ‘14C	  method’	  and	   ‘mass	  data	  method’	  show	  very	  good	  agreement	  
within	  the	  uncertainty	  intervals.	  The	  reduction	  of	  biomass	  combustion	  on	  the	  second	  day	  
is	  very	  well	  visible	  in	  the	  results	  of	  both	  methods.	  The	  changes	  in	  the	  biomass	  input	  flow	  
were	   due	   to	   problems	  with	   one	   of	   the	   biomass	   units	   and	   these	   problems	   caused	   non-­‐
stationary	  operating	  conditions,	  which	  have	  also	  negatively	  affected	  the	  monitoring	  of	  the	  
biomass	  input	  flow	  during	  the	  same	  time	  period	  and	  might	  therefore	  have	  affected	  some	  
of	   the	   results	   of	   the	   mass	   data	   method	   as	   well.	   This	   could	   be	   an	   explanation	   for	   the	  
somewhat	   larger	  differences	  between	  both	  methods	   in	   the	  results	  of	  PP_5	  and	  PP_6,	   in	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   fuel-­‐derived	   carbon	   fraction	   (%),	   ‘mass fCbio ’,	   for	   power	   plant	   flue	   gas.	  
Both	  method	  results	  are	  shown	  with	  95%	  confidence	  interval	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  -­‐	  16:17	  (45	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   PP_2	   9.8	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  ±	  1.4	  
	   16:19	  –	  17:10	  (51	  min.)	   PP_3	   -­‐	   10.0	  ±	  1.4	  
	   17:12	  –	  17:58	  (46	  min.)	   PP_4	   -­‐	   9.9	  ±	  1.4	  
27-­‐08-­‐2008	   9:05	  -­‐	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  (45	  min.)	   PP_5	   10.1	  ±	  0.9	  	   11.0	  ±	  1.4	  
	   9:52	  -­‐	  10:37	  (45	  min.)	   PP_6	   8.5	  ±	  0.8	   7.7	  ±	  1.0	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  -­‐	  11:20	  (40	  min.)	   PP_7	   5.3	  ±	  0.6	  	   5.4	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   11:25	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The	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   the	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  show	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  agreement	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  The	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  combustion	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  day	  
is	  very	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  visible	  in	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  results	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  changes	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   results	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   data	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   well.	   This	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   for	   the	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  differences	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  results	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 Table	  2.7.14C	  based	  biogenic	  fuel-­‐derived	  CO2	  fraction	  (%),	  ‘
14C fCbio ’,	  with	  95%	  confidence	  






fCbio 	  (%)	  
28-­‐08-­‐2008	   9:26-­‐10:10	  (44	  min.)	   WI_1	   48.0	  ±	  3.5	  
	   10:17-­‐11:02	  (45	  min.)	   WI_2	   47.7	  ±	  3.4	  
	   11:07-­‐11:52	  (45	  min.)	   WI_3	   46.9	  ±	  3.4	  
	   11:53-­‐12:35	  (42	  min.)	   WI_4	   46.0	  ±	  3.3	  
	   12:40-­‐13:25	  (45	  min.)	   WI_5	   48.0	  ±	  3.5	  
	   13:26-­‐14:11	  (45	  min.)	   WI_6	   48.0	  ±	  3.5	  
	   14:13-­‐14:58	  (45	  min.)	   WI_7	   49.7	  ±	  3.6	  
	   15:00-­‐15:45	  (45	  min.)	   WI_8	   49.0	  ±	  3.5	  
	   	   Average	  day	  1:	   47.9	  ±	  3.5	  
29-­‐08-­‐2008	   8:56-­‐9:41	  (45	  min.)	   WI_9	   49.4	  ±	  3.6	  
	   9:43-­‐10:28	  (45	  min.)	   WI_10	   50.9	  ±	  3.7	  
	   10:30-­‐11:15	  (45	  min.)	   WI_11	   51.3	  ±	  3.7	  
	   11:17-­‐12:02	  (45	  min.)	   WI_12	   49.4	  ±	  3.6	  
	   12:05-­‐12:50	  (45	  min.)	   WI_13	   49.8	  ±	  3.6	  
	   	   Average	  day	  2:	   50.2	  ±	  3.6	  	  
	  
The	   biogenic	   fuel-­‐derived	   CO2	   fractions	   of	   the	   waste	   incineration	   flue	   gas	   samples	  
were	   on	   average	   47.9	   ±	   3.5%	  on	   the	   first	   sampling	   day	   and	   50.2	   ±	   3.6%	  on	   the	   second	  
sampling	  day.	  The	  uncertainty	  in	  each fCbio 	  value	  (including	  the	  uncertainty	  in	  the	  average	  
values)	   of	   the	   waste	   incineration	   plant	   samples	   is	   largely	   determined	   (>	   90%)	   by	   the	  
relatively	  high	  systematic	  uncertainty	  in	  the	  estimated	  average	  reference	  14C	  value	  for	  the	  
biogenic	  waste	   fraction,
€ 
14C(bioCO2 ),	   113	   ±	   8	   (2-­‐sigma;	   table	   2.1).	   The	   random	   variation	   in	  
fCbio 	  is	   due	   to	   random	   variations	   in	   14C(sampleCO2 ) .	   Since	   the	   measurement	   error	   in	  
14C(sampleCO2 ) 	  is	   relatively	   low	  (±	  0.25%,	  1σ),	   the	  observed	  random	  variation	   in	  
14C( fuelCO2 ) 	  is	  
real	  and	  must	  be	  due	   to	  variations	   in	   time	   in	   the	  composition	  of	   the	  combusted	  waste:	  








The	   good	   agreement	   between	   the	   results	   of	   the	   14C	   method	   and	   the	   mass	   data	  
method	   for	   the	   power	   plant	   flue	   gas	   samples	   gives	   confidence	   in	   the	   14C	   results	   of	   the	  
waste	   incineration	   plant	   as	  well.	  Mohn	   et	   al.	   (2008)	   reported	   results	   of	   three	   different	  
Swiss	  waste	  incinerators.	  The	  biogenic	  CO2	  fraction	  in	  the	  Swiss	  waste	  incinerators	  varied	  
between	  47%	  and	  59%	  and	  was	  52%	  on	  average	  for	  the	  18	  different	  flue	  gas	  CO2	  samples	  
(6	   samples	  per	  waste	   incineration	  plant),	  which	  was	   sampled	  each	  during	  3	   consecutive	  
days	  within	  a	  total	  period	  of	  4	  months.	  Generally	  speaking,	  the	  same	  values	  were	  found	  in	  
the	   current	   project.	   Differences	   between	   the	   determined	   biogenic	   CO2	   fraction	   of	   the	  
Dutch	   and	   Swiss	   waste	   incinerators	   can	   be	   expected,	   since	   Dutch	  municipal	   waste	   and	  
Swiss	  municipal	  waste	  have	  slightly	  different	  compositions	  (Fellner	  and	  Rechberger,	  2009)	  































 Table	  2.7.14C	  based	  biogenic	  fuel-­‐derived	  CO2	  fraction	  (%),	  ‘
14C fCbio ’,	  with	  95%	  confidence	  






fCbio 	  (%)	  
28-­‐08-­‐2008	   9:26-­‐10:10	  (44	  min.)	   WI_1	   48.0	  ±	  3.5	  
	   10:17-­‐11:02	  (45	  min.)	   WI_2	   47.7	  ±	  3.4	  
	   11:07-­‐11:52	  (45	  min.)	   WI_3	   46.9	  ±	  3.4	  
	   11:53-­‐12:35	  (42	  min.)	   WI_4	   46.0	  ±	  3.3	  
	   12:40-­‐13:25	  (45	  min.)	   WI_5	   48.0	  ±	  3.5	  
	   13:26-­‐14:11	  (45	  min.)	   WI_6	   48.0	  ±	  3.5	  
	   14:13-­‐14:58	  (45	  min.)	   WI_7	   49.7	  ±	  3.6	  
	   15:00-­‐15:45	  (45	  min.)	   WI_8	   49.0	  ±	  3.5	  
	   	   Average	  day	  1:	   47.9	  ±	  3.5	  
29-­‐08-­‐2008	   8:56-­‐9:41	  (45	  min.)	   WI_9	   49.4	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  3.6	  
	   9:43-­‐10:28	  (45	  min.)	   WI_10	   50.9	  ±	  3.7	  
	   10:30-­‐11:15	  (45	  min.)	   WI_11	   51.3	  ±	  3.7	  
	   11:17-­‐12:02	  (45	  min.)	   WI_12	   49.4	  ±	  3.6	  
	   12:05-­‐12:50	  (45	  min.)	   WI_13	   49.8	  ±	  3.6	  
	   	   Average	  day	  2:	   50.2	  ±	  3.6	  	  
	  
The	   biogenic	   fuel-­‐derived	   CO2	   fractions	   of	   the	   waste	   incineration	   flue	   gas	   samples	  
were	   on	   average	   47.9	   ±	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   first	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   day	   and	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   ±	   3.6%	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   the	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  day.	  The	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  in	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  (including	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  average	  
values)	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   the	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   plant	   samples	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   (>	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relatively	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  value	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  waste	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   ±	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   (2-­‐sigma;	   table	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   The	   random	   variation	   in	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  is	   due	   to	   random	   variations	   in	   14C(sampleCO2 ) .	   Since	   the	   measurement	   error	   in	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  is	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  (±	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   the	  observed	  random	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   in	  
14C( fuelCO2 ) 	  is	  
real	  and	  must	  be	  due	   to	  variations	   in	   time	   in	   the	  composition	  of	   the	  combusted	  waste:	  








The	   good	   agreement	   between	   the	   results	   of	   the	   14C	   method	   and	   the	   mass	   data	  
method	   for	   the	   power	   plant	   flue	   gas	   samples	   gives	   confidence	   in	   the	   14C	   results	   of	   the	  
waste	   incineration	   plant	   as	  well.	  Mohn	   et	   al.	   (2008)	   reported	   results	   of	   three	   different	  
Swiss	  waste	  incinerators.	  The	  biogenic	  CO2	  fraction	  in	  the	  Swiss	  waste	  incinerators	  varied	  
between	  47%	  and	  59%	  and	  was	  52%	  on	  average	  for	  the	  18	  different	  flue	  gas	  CO2	  samples	  
(6	   samples	  per	  waste	   incineration	  plant),	  which	  was	   sampled	  each	  during	  3	   consecutive	  
days	  within	  a	  total	  period	  of	  4	  months.	  Generally	  speaking,	  the	  same	  values	  were	  found	  in	  
the	   current	   project.	   Differences	   between	   the	   determined	   biogenic	   CO2	   fraction	   of	   the	  
Dutch	   and	   Swiss	   waste	   incinerators	   can	   be	   expected,	   since	   Dutch	  municipal	   waste	   and	  
Swiss	  municipal	  waste	  have	  slightly	  different	  compositions	  (Fellner	  and	  Rechberger,	  2009)	  
































 2.4	  Discussion	  
The	  applied	  14C	  method	  has	  proven	  to	  be	  very	  useful	  to	  determine	  the	  biogenic	  fuel-­‐
derived	   fraction	  of	  CO2	  emissions	  of	   different	   industrial	   plants.	   In	   this	   section	   the	   three	  
stages	  of	   the	   14C	  method	   (sampling,	  off-­‐line	   14C	  analysis	  and	  calculation	  of	   fCbio )	  will	  be	  
systematically	   discussed	   based	   on	   the	   results	   and	   experiences	   of	   this	   project,	   to	   give	  
insight	   into	  the	  reliability	  of	  the	  method	  that	  was	  applied.	  This	  study	  was	  the	  result	  of	  a	  
first	  experience	  by	  the	  Centre	  for	   Isotope	  Research	  with	  the	  application	  for	   flue	  gas	  CO2	  
sampled	   at	   industrial	   plants	   and	   the	   results	   were	   therefore	   not	   based	   on	   a	   routinely	  
performed	  method,	  except	  for	  the	  14C	  analysis.	  Several	  improvements	  can	  still	  be	  made	  in	  
the	  applied	  method	  and	   in	   its	  validation,	   in	  order	  to	  obtain	  a	  robust	  method	  for	  routine	  
measurements.	  Recommendations	  for	  future	  users	  of	  the	  14C	  method	  for	  flue	  gas	  CO2	  are	  
therefore	  part	  of	  this	  section.	  
	  
2.4.1	  Reliability	  of	  flue	  gas	  CO2	  sampling	  
The	  most	  direct	  way,	  so	  far,	  to	  determine	  the	  biogenic	  and	  fossil	  fraction	  of	  industrial	  
CO2	  emissions	  is	  by	  analysing	  the	  composition	  of	  the	  flue	  gas	  CO2	  itself.	  A	  main	  aspect	  in	  
the	   strategy	   to	   sample	   flue	   gas	   CO2	   is	   whether	   the	   sampled	   flue	   gas	   represents	   the	  
composition	  (biogenic	  fuel-­‐derived	  carbon	  fraction)	  of	  the	  emitted	  CO2	  for	  a	  specific	  time	  
period.	   In	   principle	   only	   homogeneously	   distributed	   flue	   gas	   should	   be	   sampled,	   but	   in	  
practice	   it	   is	   sometimes	   not	   possible	   to	   sample	   flue	   gas	   at	   the	   ideal	   (optimal)	   sampling	  
position.	  
	  
In	   this	   project	   flue	   gas	   was	   sampled	   at	   the	   waste	   incineration	   plant	   at	   a	   sampling	  
position	   that	  was	   already	   used	   for	   validated	   continuous	  measurements.	   Representative	  
(homogeneous)	  sampling	  of	  flue	  gas	  is	  part	  of	  the	  validation	  (and	  evaluation)	  method	  for	  
these	  measurements	  and	  is	  ascertained	  according	  to	  NEN-­‐ISO	  10396	  (2007).	  	  
	  
At	   the	   power	   plant	   the	   homogeneity	   of	   the	   flue	   gas	   sampling	   was,	   for	   practical	  
reasons,	  not	  ascertained	  with	  flue	  gas	  flow	  measurements	  at	  different	  sampling	  locations.	  
Instead,	  the	  sampling	  took	  place	  relatively	  close	  to	  (3	  meters	  below)	  a	  sampling	  point	  for	  
continuous	   oxygen	   measurements	   where	   homogeneous	   sampling	   conditions	   can	   be	  
expected	  and	  the	  flue	  gas	  was	  sampled	  relatively	  far	  away	  (40	  meters)	  from	  the	  location	  
where	   flue	   gas	   from	   the	   combustion	   of	   coal/biomass	   is	   mixed	   with	   flue	   gas	   from	  
combusted	   natural	   gas.	   Since	   the	   natural	   gas	   flue	   gas	   is	   very	   well	   mixed	   with	   the	  
coal/biomass	   flue	   gas	   to	   heat	   up	   the	   latter	   and	   its	   contribution	   is	   only	   4%	   of	   the	   total	  
carbon	  fraction	  in	  the	  flue	  gas	  (table	  2.4),	  significant	  anomalies	  in	  the	  determined	  average	  
biogenic	  CO2	   fractions	  are	  not	   to	  be	  expected.	   The	  good	  comparison	  of	   the	  
14C	  method	  
results	   with	   the	  mass	   data	  method	   results	   (table	   2.6	   and	   figure	   2.2)	   indicates	   that	   the	  
sampled	   flue	   gas	  CO2	  was	   representative	   for	   the	  mixture	  of	   combusted	   fuels.	  However,	  
 
future	  users	  of	  the	  method	  are	  recommended	  to	  investigate	  the	  homogeneity	  of	  flue	  gas	  
flows	   in	   time	  at	   the	  chosen	  sampling	  position	   if	   the	  measurements	  are	  needed	   for	   legal	  
verification	  purposes.	  
	  
To	  obtain	  samples	  that	  represent	  the	  relative	  total	  amount	  of	  the	  emitted	  CO2	  from	  
the	  combusted	  fuels	  and	  its	  overall	   14C	  value	  during	  a	  specific	  sampling	  interval,	  the	  flue	  
gas	   CO2	   samples	   should	   in	   principle	   be	   acquired	   by	   proportional	   sampling.	   Proportional	  
sampling,	  by	  adjusting	   the	   sampling	   flow	  of	   flue	  gas	  CO2,	   is	   required	  when	   the	  biogenic	  
CO2	   fraction	   changes	   during	   the	   sampling	   interval	  while	   at	   the	   same	   time	   the	   emission	  
flow	  of	   the	   industrial	  plant	  changes	  as	  well.	   In	   this	  project,	   flue	  gas	  CO2	  was	  sampled	   in	  
NaOH-­‐solution	  with	  a	  constant	   flow	  rate	  during	  45	  minutes	  for	  each	  sample.	  During	  this	  
relatively	   short	   time-­‐period	   the	  CO2	  emission	   flows	   in	   the	  specific	   industrial	  plants	  were	  
relatively	   constant	   and	   proportional	   sampling	   was	   therefore	   not	   needed.	   For	   longer	  
sampling	  intervals	  (day-­‐month),	  however,	  the	  use	  of	  a	  proportional	  flue	  gas	  CO2	  sampler	  is	  
recommended,	  because	  of	  the	  large	  chance	  of	  interruptions	  in	  the	  combustion	  processes	  
(especially	  at	  waste	   incineration	  plants).	  Fuglsang	  et	  al.	   (2014)	  describe	   the	  use	  of	   flow-­‐
proportional	  sampling	  for	  long-­‐term	  flue	  gas	  sampling	  at	  Danish	  waste	  incineration	  sites.	  	  
	  	  
A	   factor	   that	  might	   alter	   the	   relative	   amount	   of	   14C	   in	   the	   flue	   gas	   CO2	   during	   the	  
sampling	   using	   a	   CO2	   absorption-­‐setup	   is	   isotope	   fractionation.	   Isotope	   fractionation	  
occurs	  if	  the	  efficiency	  of	  the	  dissolution	  of	  CO2	  in	  the	  NaOH	  solution	  (or	  other	  dissolver	  or	  
absorber	  of	  CO2)	   is	  not	  100%.	  The	  part	  of	   flue	  gas	  CO2	   that	  does	  not	  dissolve,	  will	  have	  




13CO2	  dissolve	  more	  easily	  
in	  NaOH	  than	  14CO2.	  Solution	  efficiencies	  lower	  than	  100%	  might	  occur	  if	  the	  flue	  gas	  flow	  
is	   too	   high	   and	   (consequently)	   the	   path	   length	   of	   the	   flue	   gas	   flow	   through	   the	   NaOH	  
solution	  is	  too	  small.	  Isotope	  fractionation	  correction	  should	  therefore	  always	  be	  applied.	  
This	   correction	   is	   in	   principle	   a	   standard	   procedure	   in	   14C	   analyses,	   but	   especially	   LSC	  
laboratories	  tend	  to	  ignore	  this	  correction,	  as	  it	  requires	  additional	  δ13C	  measurements.	  In	  
this	   project	   the	   measured	   14C	   amounts	   were	   corrected	   for	   isotope	   fractionation	   and	   a	  
dissolution	   efficiency	   of	   100%	   was	   therefore	   not	   strictly	   required	   to	   obtain	   reliable	  
biogenic	   CO2	   fractions	   from	   the	  
14C	   measurements.	   The	   dissolution	   efficiency	   in	   the	  
currently	   used	  method	   set	   up	  was	   not	   checked.	  Methods	   to	   determine	   the	   dissolution	  
efficiency,	   using	   additional	   washing	   bottles	   and/or	  measuring	   the	   CO2	   concentration	   of	  
the	  flue	  gas	  leaving	  the	  washing	  bottle,	  have	  been	  described	  by	  Mohn	  et	  al.	  (2008).	  
	  
The	   amount	   of	   CO2	   that	   can	   be	   absorbed	   in	   the	   NaOH	   solution	   during	   a	   specific	  
sampling	   interval	   (dissolution	  capacity)	   is	  determined	  by	  the	  molarity	  and	  volume	  of	  the	  
NaOH	   solution	   and	   by	   the	   sampling	   flow	   and	   should	   be	   taken	   into	   account	   in	   the	  
measurement	  set	  up	  to	  prevent	  saturation	  (and	  therefore	  non-­‐representative	  sampling).	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 2.4	  Discussion	  
The	  applied	  14C	  method	  has	  proven	  to	  be	  very	  useful	  to	  determine	  the	  biogenic	  fuel-­‐
derived	   fraction	  of	  CO2	  emissions	  of	   different	   industrial	   plants.	   In	   this	   section	   the	   three	  
stages	  of	   the	   14C	  method	   (sampling,	  off-­‐line	   14C	  analysis	  and	  calculation	  of	   fCbio )	  will	  be	  
systematically	   discussed	   based	   on	   the	   results	   and	   experiences	   of	   this	   project,	   to	   give	  
insight	   into	  the	  reliability	  of	  the	  method	  that	  was	  applied.	  This	  study	  was	  the	  result	  of	  a	  
first	  experience	  by	  the	  Centre	  for	   Isotope	  Research	  with	  the	  application	  for	   flue	  gas	  CO2	  
sampled	   at	   industrial	   plants	   and	   the	   results	   were	   therefore	   not	   based	   on	   a	   routinely	  
performed	  method,	  except	  for	  the	  14C	  analysis.	  Several	  improvements	  can	  still	  be	  made	  in	  
the	  applied	  method	  and	   in	   its	  validation,	   in	  order	  to	  obtain	  a	  robust	  method	  for	  routine	  
measurements.	  Recommendations	  for	  future	  users	  of	  the	  14C	  method	  for	  flue	  gas	  CO2	  are	  
therefore	  part	  of	  this	  section.	  
	  
2.4.1	  Reliability	  of	  flue	  gas	  CO2	  sampling	  
The	  most	  direct	  way,	  so	  far,	  to	  determine	  the	  biogenic	  and	  fossil	  fraction	  of	  industrial	  
CO2	  emissions	  is	  by	  analysing	  the	  composition	  of	  the	  flue	  gas	  CO2	  itself.	  A	  main	  aspect	  in	  
the	   strategy	   to	   sample	   flue	   gas	   CO2	   is	   whether	   the	   sampled	   flue	   gas	   represents	   the	  
composition	  (biogenic	  fuel-­‐derived	  carbon	  fraction)	  of	  the	  emitted	  CO2	  for	  a	  specific	  time	  
period.	   In	   principle	   only	   homogeneously	   distributed	   flue	   gas	   should	   be	   sampled,	   but	   in	  
practice	   it	   is	   sometimes	   not	   possible	   to	   sample	   flue	   gas	   at	   the	   ideal	   (optimal)	   sampling	  
position.	  
	  
In	   this	   project	   flue	   gas	   was	   sampled	   at	   the	   waste	   incineration	   plant	   at	   a	   sampling	  
position	   that	  was	   already	   used	   for	   validated	   continuous	  measurements.	   Representative	  
(homogeneous)	  sampling	  of	  flue	  gas	  is	  part	  of	  the	  validation	  (and	  evaluation)	  method	  for	  
these	  measurements	  and	  is	  ascertained	  according	  to	  NEN-­‐ISO	  10396	  (2007).	  	  
	  
At	   the	   power	   plant	   the	   homogeneity	   of	   the	   flue	   gas	   sampling	   was,	   for	   practical	  
reasons,	  not	  ascertained	  with	  flue	  gas	  flow	  measurements	  at	  different	  sampling	  locations.	  
Instead,	  the	  sampling	  took	  place	  relatively	  close	  to	  (3	  meters	  below)	  a	  sampling	  point	  for	  
continuous	   oxygen	   measurements	   where	   homogeneous	   sampling	   conditions	   can	   be	  
expected	  and	  the	  flue	  gas	  was	  sampled	  relatively	  far	  away	  (40	  meters)	  from	  the	  location	  
where	   flue	   gas	   from	   the	   combustion	   of	   coal/biomass	   is	   mixed	   with	   flue	   gas	   from	  
combusted	   natural	   gas.	   Since	   the	   natural	   gas	   flue	   gas	   is	   very	   well	   mixed	   with	   the	  
coal/biomass	   flue	   gas	   to	   heat	   up	   the	   latter	   and	   its	   contribution	   is	   only	   4%	   of	   the	   total	  
carbon	  fraction	  in	  the	  flue	  gas	  (table	  2.4),	  significant	  anomalies	  in	  the	  determined	  average	  
biogenic	  CO2	   fractions	  are	  not	   to	  be	  expected.	   The	  good	  comparison	  of	   the	  
14C	  method	  
results	   with	   the	  mass	   data	  method	   results	   (table	   2.6	   and	   figure	   2.2)	   indicates	   that	   the	  
sampled	   flue	   gas	  CO2	  was	   representative	   for	   the	  mixture	  of	   combusted	   fuels.	  However,	  
 
future	  users	  of	  the	  method	  are	  recommended	  to	  investigate	  the	  homogeneity	  of	  flue	  gas	  
flows	   in	   time	  at	   the	  chosen	  sampling	  position	   if	   the	  measurements	  are	  needed	   for	   legal	  
verification	  purposes.	  
	  
To	  obtain	  samples	  that	  represent	  the	  relative	  total	  amount	  of	  the	  emitted	  CO2	  from	  
the	  combusted	  fuels	  and	  its	  overall	   14C	  value	  during	  a	  specific	  sampling	  interval,	  the	  flue	  
gas	   CO2	   samples	   should	   in	   principle	   be	   acquired	   by	   proportional	   sampling.	   Proportional	  
sampling,	  by	  adjusting	   the	   sampling	   flow	  of	   flue	  gas	  CO2,	   is	   required	  when	   the	  biogenic	  
CO2	   fraction	   changes	   during	   the	   sampling	   interval	  while	   at	   the	   same	   time	   the	   emission	  
flow	  of	   the	   industrial	  plant	  changes	  as	  well.	   In	   this	  project,	   flue	  gas	  CO2	  was	  sampled	   in	  
NaOH-­‐solution	  with	  a	  constant	   flow	  rate	  during	  45	  minutes	  for	  each	  sample.	  During	  this	  
relatively	   short	   time-­‐period	   the	  CO2	  emission	   flows	   in	   the	  specific	   industrial	  plants	  were	  
relatively	   constant	   and	   proportional	   sampling	   was	   therefore	   not	   needed.	   For	   longer	  
sampling	  intervals	  (day-­‐month),	  however,	  the	  use	  of	  a	  proportional	  flue	  gas	  CO2	  sampler	  is	  
recommended,	  because	  of	  the	  large	  chance	  of	  interruptions	  in	  the	  combustion	  processes	  
(especially	  at	  waste	   incineration	  plants).	  Fuglsang	  et	  al.	   (2014)	  describe	   the	  use	  of	   flow-­‐
proportional	  sampling	  for	  long-­‐term	  flue	  gas	  sampling	  at	  Danish	  waste	  incineration	  sites.	  	  
	  	  
A	   factor	   that	  might	   alter	   the	   relative	   amount	   of	   14C	   in	   the	   flue	   gas	   CO2	   during	   the	  
sampling	   using	   a	   CO2	   absorption-­‐setup	   is	   isotope	   fractionation.	   Isotope	   fractionation	  
occurs	  if	  the	  efficiency	  of	  the	  dissolution	  of	  CO2	  in	  the	  NaOH	  solution	  (or	  other	  dissolver	  or	  
absorber	  of	  CO2)	   is	  not	  100%.	  The	  part	  of	   flue	  gas	  CO2	   that	  does	  not	  dissolve,	  will	  have	  




13CO2	  dissolve	  more	  easily	  
in	  NaOH	  than	  14CO2.	  Solution	  efficiencies	  lower	  than	  100%	  might	  occur	  if	  the	  flue	  gas	  flow	  
is	   too	   high	   and	   (consequently)	   the	   path	   length	   of	   the	   flue	   gas	   flow	   through	   the	   NaOH	  
solution	  is	  too	  small.	  Isotope	  fractionation	  correction	  should	  therefore	  always	  be	  applied.	  
This	   correction	   is	   in	   principle	   a	   standard	   procedure	   in	   14C	   analyses,	   but	   especially	   LSC	  
laboratories	  tend	  to	  ignore	  this	  correction,	  as	  it	  requires	  additional	  δ13C	  measurements.	  In	  
this	   project	   the	   measured	   14C	   amounts	   were	   corrected	   for	   isotope	   fractionation	   and	   a	  
dissolution	   efficiency	   of	   100%	   was	   therefore	   not	   strictly	   required	   to	   obtain	   reliable	  
biogenic	   CO2	   fractions	   from	   the	  
14C	   measurements.	   The	   dissolution	   efficiency	   in	   the	  
currently	   used	  method	   set	   up	  was	   not	   checked.	  Methods	   to	   determine	   the	   dissolution	  
efficiency,	   using	   additional	   washing	   bottles	   and/or	  measuring	   the	   CO2	   concentration	   of	  
the	  flue	  gas	  leaving	  the	  washing	  bottle,	  have	  been	  described	  by	  Mohn	  et	  al.	  (2008).	  
	  
The	   amount	   of	   CO2	   that	   can	   be	   absorbed	   in	   the	   NaOH	   solution	   during	   a	   specific	  
sampling	   interval	   (dissolution	  capacity)	   is	  determined	  by	  the	  molarity	  and	  volume	  of	  the	  
NaOH	   solution	   and	   by	   the	   sampling	   flow	   and	   should	   be	   taken	   into	   account	   in	   the	  




 In	  the	  currently	  described	  experiments	  at	  most	  10%	  of	  the	  maximum	  capacity	  for	  CO2	  in	  
the	  solution	  was	  used.	  	  
	  
Another	  aspect	  that	  should	  be	  taken	  into	  account	  for	  sampling	  of	  flue	  gas	  CO2	  using	  a	  
NaOH	  solution	  is	  the	  risk	  of	  CO2	  contamination	  of	  the	  NaOH	  solution	  before	  and	  after	  the	  
sampling	   itself.	   If	   the	  solution	   is	  contaminated	  with	  CO2	  from	  other	  carbon	  sources	  than	  
those	   sampled,	   the	  measured	   14C	   result	   needs	   to	   be	   corrected	   for	   this	   contribution,	   as	  
shown	   in	   this	   study.	   This	   correction	   increases	   (although	  only	   slightly)	   the	  uncertainty	   in	  
the	  determined	  biogenic	   carbon	   fraction.	   The	  use	  of	   extra	  pure	  NaOH	  solution	   that	  has	  
not	  been	   in	  contact	  with	  atmospheric	  air/CO2	  (before	  flue	  gas	  sampling)	   is	  an	   important	  
factor	   for	   a	   reliable	   application	   of	   this	   method.	   Although	   this	   is	   easy	   to	   achieve,	   it	   is	  
nevertheless	   recommended	   to	  perform	  a	  CO2	   extraction	  of	   blank	  NaOH	   solution	  before	  
and	  after	  the	  use	  of	  a	  particular	  batch	  of	  NaOH	  solution	  for	  flue	  gas	  CO2	  sampling.	  
	  
2.4.2	  Reliability	  of	  sample	  pre-­‐treatment	  and	  14C	  analysis	  
It	   is	   the	   task	   of	   the	   14C	   laboratories	   to	   specify	   and	   control	   the	   reproducibility	   and	  
accuracy	  of	  their	  measurements.	  The	  14C	  analysis	  and	  the	  extraction	  of	  CO2	  from	  a	  NaOH	  
solution	   are	   well	   known	   techniques	   at	   the	   CIO	   laboratory	   for	   many	   different	   other	  
applications	   (like	  dating	  of	  materials	  and	  atmospheric	  CO2	   research).	  The	   reproducibility	  
and	  accuracy	  of	   the	  AMS	   14C	   analysis	   (in	  use	   since	  1994)	  of	   the	  CIO	   laboratory	   are	  well	  
known,	   based	   on	   the	   analyses	   (including	   graphitization)	   of	   different	   regularly	  measured	  
international	  reference	  materials	  and	  on	  results	  in	  international	  inter-­‐comparison	  tests.	  	  
	  
The	  reproducibility	  of	  the	  14C	  analysis	  including	  the	  extraction	  of	  CO2	  from	  the	  NaOH	  
solution	  was	   investigated	  based	  on	   two	  measurements	   of	   a	   power	   plant	   sample	   (PP_5)	  
and	   two	   measurements	   of	   a	   combusted	   wood	   sample	   (the	   CO2	   of	   this	   sample	   was	  
dissolved	  in	  a	  NaOH	  solution	  after	  combustion).	  The	  two	  measurements	  of	  each	  sample,	  
including	  the	  extraction	  of	  CO2,	  were	  performed	  under	  different	  conditions	  (different	  days	  
and	   analysts).	   The	   two	   14C	   values	   of	   the	   power	   plant	   sample	   (PP_5)	   were	   14.97%	   and	  
14.98%	  (both	  ±	  0.17%,	  1σ)	  and	  the	  two	  14C	  values	  of	  the	  wood	  sample	  were	  113.93%	  and	  
113.91%	  (both	  ±	  0.39%,	  1σ).	  The	  two	  results	  of	  both	  samples	  are	  very	  well	  comparable.	  
The	  reproducibility	  of	  the	  used	  sample	  pre-­‐treatment	  and	  the	  14C	  analysis	  method	  is	  good	  








2.4.3	  Reliability	  of	  the	  calculated	  14C-­‐based	  biogenic	  fuel-­‐derived	  CO2	  fraction	  
The	  reliability	  of	  the	  14C-­‐based	  calculated	  biogenic	  fuel-­‐derived	  CO2	  fraction	  depends	  
on	  the	  reliability	  of	  the	  determined	  values	  for	   14C( fuelCO2 ) and	  
€ 
14C(bioCO2 ).	  	  
In	  this	  study	  the	  obtained	  value	  for	   14C( fuelCO2 ) 	  and	  its	  uncertainty	  were	  determined	  by	  
the	  flue	  gas	  CO2	  sampling,	  the	  CO2	  extraction,	  the	  
14C	  measurement	  ( 14C(sampleCO2 ) ),	  and	  the	  
estimated	   or	   measured	   ‘correction	   parameters’	   14C(CO2 )_air ,	  
14C(CO2 )_NaOH ,	   f(CO2 )_air 	  and	  
f(CO2 )_NaOH 	  respectively.	  	  
The	   correction	   for	   the	   contribution	   of	   the	   atmospheric	   (combustion)	   air	   CO2	   to	   the	  
measured	   14C(sampleCO2 ) 	  value,	   reduced	   the	  calculated	   fCbio 	  value	  by	  at	  most	  0.7%	  and	  7%	  
(relatively)	  for	  the	  waste	  incineration	  samples	  and	  power	  plant	  samples	  respectively.	  The	  
correction	   for	   the	   relative	   contribution	   of	   the	   CO2	   from	   (in	   principle	   easily	   avoidable)	  
NaOH	  contamination	  changed	  the	   fCbio 	  values	  significantly	  with	  up	  to	  -­‐4%	  (relatively)	  for	  
the	  waste	   incineration	  plant	   samples	  and	   -­‐40%	   (relatively)	   for	   the	  power	  plant	   samples.	  
The	  overall	  uncertainty	  in	  the	  biogenic	  carbon	  fractions	  of	  the	  power	  plant	  samples	  (table	  
2.6)	   would	   have	   been	   approximately	   0.3%	   (absolute)	   lower	   without	   the	   NaOH	  
contamination.	  The	  uncertainty	   in	   the	   results	  of	   the	  waste	   incineration	  plant	   (table	  2.7)	  
would	   not	   have	   changed	   significantly,	   as	   it	   is	   mainly	   determined	   by	   the	   uncertainty	   in	  
€ 
14C(bioCO2 ).	  	  
	  
For	   the	   power	   plant	   samples	   the	   reference	   14C	   value	   for	   100%	   biogenic	   carbon,	  
€ 
14C(bioCO2 ) ,	   was	   determined	   by	  
14C	   analysis	   of	   wood	   pellets	   from	   the	   same	   batch	   as	  
combusted	  during	  the	  flue	  gas	  sampling.	  Since	  the	  whole	  batch	  of	  wood	  pellets	   (several	  
tons	   of	   material)	   originates	   from	   different	   trees	   with	   different	   growing	   periods	   and	  
harvest	  years,	  the	  measured	  
€ 
14C(bioCO2 )	  value	  of	  only	  10	  gram	  of	  sample	  material	  might	  not	  
be	  fully	  representative	  for	  the	  average	  
€ 
14C(bioCO2 )	  value	  of	  the	  combusted	  wood	  during	  the	  
sampling	  of	  flue	  gas	  CO2.	  Because	  the	  uncertainty	  in	  representative	  sub-­‐sampling	  was	  not	  
investigated,	   the	  uncertainty	   in	   the	  measured	  
€ 
14C(bioCO2 )	  value	  was	  estimated	   to	  be	  ±	  4%	  
(1σ;	   absolute	   value).	   This	   is	   a	   relatively	   large	   uncertainty	   in	   comparison	   to	   the	  
measurement	  uncertainty	  of	  ±	  0.4%	  (1σ).	  It	   increased	  the	  overall	  absolute	  uncertainty	  in	  
the	   calculated	   biogenic	   carbon	   fractions	   of	   the	   power	   plant	   samples	   with	   0.1-­‐0.3%	  
(absolute).	  Future	  users	  of	  the	  method	  (for	  similar	  cases)	  are	  recommended	  to	  investigate	  
the	   variation	   in	  
€ 
14C(bioCO2 )	  due	   to	   sub-­‐sampling	   of	   the	   combusted	   biomass	   material,	   in	  




 In	  the	  currently	  described	  experiments	  at	  most	  10%	  of	  the	  maximum	  capacity	  for	  CO2	  in	  
the	  solution	  was	  used.	  	  
	  
Another	  aspect	  that	  should	  be	  taken	  into	  account	  for	  sampling	  of	  flue	  gas	  CO2	  using	  a	  
NaOH	  solution	  is	  the	  risk	  of	  CO2	  contamination	  of	  the	  NaOH	  solution	  before	  and	  after	  the	  
sampling	   itself.	   If	   the	  solution	   is	  contaminated	  with	  CO2	  from	  other	  carbon	  sources	  than	  
those	   sampled,	   the	  measured	   14C	   result	   needs	   to	   be	   corrected	   for	   this	   contribution,	   as	  
shown	   in	   this	   study.	   This	   correction	   increases	   (although	  only	   slightly)	   the	  uncertainty	   in	  
the	  determined	  biogenic	   carbon	   fraction.	   The	  use	  of	   extra	  pure	  NaOH	  solution	   that	  has	  
not	  been	   in	  contact	  with	  atmospheric	  air/CO2	  (before	  flue	  gas	  sampling)	   is	  an	   important	  
factor	   for	   a	   reliable	   application	   of	   this	   method.	   Although	   this	   is	   easy	   to	   achieve,	   it	   is	  
nevertheless	   recommended	   to	  perform	  a	  CO2	   extraction	  of	   blank	  NaOH	   solution	  before	  
and	  after	  the	  use	  of	  a	  particular	  batch	  of	  NaOH	  solution	  for	  flue	  gas	  CO2	  sampling.	  
	  
2.4.2	  Reliability	  of	  sample	  pre-­‐treatment	  and	  14C	  analysis	  
It	   is	   the	   task	   of	   the	   14C	   laboratories	   to	   specify	   and	   control	   the	   reproducibility	   and	  
accuracy	  of	  their	  measurements.	  The	  14C	  analysis	  and	  the	  extraction	  of	  CO2	  from	  a	  NaOH	  
solution	   are	   well	   known	   techniques	   at	   the	   CIO	   laboratory	   for	   many	   different	   other	  
applications	   (like	  dating	  of	  materials	  and	  atmospheric	  CO2	   research).	  The	   reproducibility	  
and	  accuracy	  of	   the	  AMS	   14C	   analysis	   (in	  use	   since	  1994)	  of	   the	  CIO	   laboratory	   are	  well	  
known,	   based	   on	   the	   analyses	   (including	   graphitization)	   of	   different	   regularly	  measured	  
international	  reference	  materials	  and	  on	  results	  in	  international	  inter-­‐comparison	  tests.	  	  
	  
The	  reproducibility	  of	  the	  14C	  analysis	  including	  the	  extraction	  of	  CO2	  from	  the	  NaOH	  
solution	  was	   investigated	  based	  on	   two	  measurements	   of	   a	   power	   plant	   sample	   (PP_5)	  
and	   two	   measurements	   of	   a	   combusted	   wood	   sample	   (the	   CO2	   of	   this	   sample	   was	  
dissolved	  in	  a	  NaOH	  solution	  after	  combustion).	  The	  two	  measurements	  of	  each	  sample,	  
including	  the	  extraction	  of	  CO2,	  were	  performed	  under	  different	  conditions	  (different	  days	  
and	   analysts).	   The	   two	   14C	   values	   of	   the	   power	   plant	   sample	   (PP_5)	   were	   14.97%	   and	  
14.98%	  (both	  ±	  0.17%,	  1σ)	  and	  the	  two	  14C	  values	  of	  the	  wood	  sample	  were	  113.93%	  and	  
113.91%	  (both	  ±	  0.39%,	  1σ).	  The	  two	  results	  of	  both	  samples	  are	  very	  well	  comparable.	  
The	  reproducibility	  of	  the	  used	  sample	  pre-­‐treatment	  and	  the	  14C	  analysis	  method	  is	  good	  








2.4.3	  Reliability	  of	  the	  calculated	  14C-­‐based	  biogenic	  fuel-­‐derived	  CO2	  fraction	  
The	  reliability	  of	  the	  14C-­‐based	  calculated	  biogenic	  fuel-­‐derived	  CO2	  fraction	  depends	  
on	  the	  reliability	  of	  the	  determined	  values	  for	   14C( fuelCO2 ) and	  
€ 
14C(bioCO2 ).	  	  
In	  this	  study	  the	  obtained	  value	  for	   14C( fuelCO2 ) 	  and	  its	  uncertainty	  were	  determined	  by	  
the	  flue	  gas	  CO2	  sampling,	  the	  CO2	  extraction,	  the	  
14C	  measurement	  ( 14C(sampleCO2 ) ),	  and	  the	  
estimated	   or	   measured	   ‘correction	   parameters’	   14C(CO2 )_air ,	  
14C(CO2 )_NaOH ,	   f(CO2 )_air 	  and	  
f(CO2 )_NaOH 	  respectively.	  	  
The	   correction	   for	   the	   contribution	   of	   the	   atmospheric	   (combustion)	   air	   CO2	   to	   the	  
measured	   14C(sampleCO2 ) 	  value,	   reduced	   the	  calculated	   fCbio 	  value	  by	  at	  most	  0.7%	  and	  7%	  
(relatively)	  for	  the	  waste	  incineration	  samples	  and	  power	  plant	  samples	  respectively.	  The	  
correction	   for	   the	   relative	   contribution	   of	   the	   CO2	   from	   (in	   principle	   easily	   avoidable)	  
NaOH	  contamination	  changed	  the	   fCbio 	  values	  significantly	  with	  up	  to	  -­‐4%	  (relatively)	  for	  
the	  waste	   incineration	  plant	   samples	  and	   -­‐40%	   (relatively)	   for	   the	  power	  plant	   samples.	  
The	  overall	  uncertainty	  in	  the	  biogenic	  carbon	  fractions	  of	  the	  power	  plant	  samples	  (table	  
2.6)	   would	   have	   been	   approximately	   0.3%	   (absolute)	   lower	   without	   the	   NaOH	  
contamination.	  The	  uncertainty	   in	   the	   results	  of	   the	  waste	   incineration	  plant	   (table	  2.7)	  
would	   not	   have	   changed	   significantly,	   as	   it	   is	   mainly	   determined	   by	   the	   uncertainty	   in	  
€ 
14C(bioCO2 ).	  	  
	  
For	   the	   power	   plant	   samples	   the	   reference	   14C	   value	   for	   100%	   biogenic	   carbon,	  
€ 
14C(bioCO2 ) ,	   was	   determined	   by	  
14C	   analysis	   of	   wood	   pellets	   from	   the	   same	   batch	   as	  
combusted	  during	  the	  flue	  gas	  sampling.	  Since	  the	  whole	  batch	  of	  wood	  pellets	   (several	  
tons	   of	   material)	   originates	   from	   different	   trees	   with	   different	   growing	   periods	   and	  
harvest	  years,	  the	  measured	  
€ 
14C(bioCO2 )	  value	  of	  only	  10	  gram	  of	  sample	  material	  might	  not	  
be	  fully	  representative	  for	  the	  average	  
€ 
14C(bioCO2 )	  value	  of	  the	  combusted	  wood	  during	  the	  
sampling	  of	  flue	  gas	  CO2.	  Because	  the	  uncertainty	  in	  representative	  sub-­‐sampling	  was	  not	  
investigated,	   the	  uncertainty	   in	   the	  measured	  
€ 
14C(bioCO2 )	  value	  was	  estimated	   to	  be	  ±	  4%	  
(1σ;	   absolute	   value).	   This	   is	   a	   relatively	   large	   uncertainty	   in	   comparison	   to	   the	  
measurement	  uncertainty	  of	  ±	  0.4%	  (1σ).	  It	   increased	  the	  overall	  absolute	  uncertainty	  in	  
the	   calculated	   biogenic	   carbon	   fractions	   of	   the	   power	   plant	   samples	   with	   0.1-­‐0.3%	  
(absolute).	  Future	  users	  of	  the	  method	  (for	  similar	  cases)	  are	  recommended	  to	  investigate	  
the	   variation	   in	  
€ 
14C(bioCO2 )	  due	   to	   sub-­‐sampling	   of	   the	   combusted	   biomass	   material,	   in	  





 For	   the	   waste	   incineration	   plant	   samples	   a	  
€ 
14C(bioCO2 ) 	  value	   was	   used	   that	   was	  
determined	  by	  Mohn	  et	   al.	   (2008).	   This	   value	  was	  based	  on	  estimations	  of	   the	   average	  
composition	  of	  (municipal)	  waste.	  Fellner	  and	  Rechberger	  (2009)	  confirmed	  this	  value	  for	  
Dutch	  municipal	  waste	  in	  their	  study	  of	  waste	  composition	  data.	  Since	  waste	  materials	  are	  
an	  unknown	  and	  variable	  mixture	  of	  different	  biogenic	  carbon	  sources	  in	  time,	  which	  are	  
already	   mixed	   with	   fossil	   carbon	   sources,	   the	  
€ 
14C(bioCO2 )	  value	   of	   these	   materials	   could,	  
obviously,	   not	   be	   determined	   separately	   by	   14C	   analysis.	   Due	   to	   the	   large	   variation	   in	  
origin	  and	  composition	  of	  the	  biomass	  materials	  in	  waste	  over	  time,	  the	  uncertainty	  in	  the	  
estimated	  
€ 
14C(bioCO2 )	  value	  is	  relatively	  large	  as	  well.	  This	  uncertainty	  determines	  the	  total	  
uncertainty	  in	  the	  each	  determined	  biogenic	  carbon	  fraction	  almost	  entirely	  (in	  this	  study,	  
and	  also	  in	  the	  results	  of	  Mohn	  et	  al.	  (2008)).	  
	  
The	  very	  good	  agreement	  between	  the	  power	  plant	  results	  of	  the	  14C	  method	  and	  the	  
mass	  data	  method	  shows	  that	  the	  applied	  corrections	  for	  other	  carbon	  sources	  than	  the	  
fuels	  (like	  atmospheric	  CO2)	  in	  the	  
14C	  method	  were	  reliable	  and	  successful.	  
	  	  
Only	   if	   unknown	   14C-­‐enriched	   carbon	   sources	   in	   already	   mixed	   fuel	   materials	   (like	  
waste)	  are	  combusted,	  reliable	  verification	  of	  the	  biogenic	  fraction	  of	  CO2	  emissions	  using	  
the	  14C	  method	  is	  not	  possible,	  because	  the	  determined	  biogenic	  carbon	  fraction	  will	  then	  
be	   overestimated.	   Enriched	   14C	   materials	   are	   (fortunately)	   rare	   and	   are	   governed	   by	  
permits	   to	   deal	   with	   radioactive	   materials.	   These	   are	   mainly	   used	   in	   hospital	   or	  
microbiological	  radioactivity	  laboratories	  and	  the	  waste	  will	  normally	  not	  end	  up	  as	  a	  fuel	  
in	  industrial	  plants.	  A	  deliberate	  constant	  enrichment	  of	  the	  combusted	  fuel	  with	  14C	  will	  
be	  very	  difficult	  and	  costly	  (and	  highly	  illegal	  by	  itself)	  and	  is	  therefore	  also	  not	  very	  likely	  
to	  occur.	  Nevertheless,	  both	  accidental	  and	  deliberate	  14C	  enrichment	  might	  be	  possible	  
and	   should	   therefore	   be	   taken	   into	   account	   in	   the	   sampling	   strategy	   of	   flue	   gas	   CO2	   at	  
industrial	   plants.	   Random	   sampling	   at	   industrial	   plants	   with	   different	   relatively	   short	  
intervals	  (1	  hour	  –	  a	  few	  days),	  is	  therefore	  required	  in	  order	  to	  identify	  variations	  in	  the	  
measured	  14C	  value	  in	  time	  which	  are	  not	  likely	  to	  be	  due	  to	  variations	  in	  the	  biogenic	  CO2	  
fraction.	  
	  
At	   industrial	   plants	   where	   peat	   is	   combusted	   it	   could	   be	   difficult	   to	   apply	   the	   14C	  
method,	   because	   peat	   often	   has	   a	   very	   variable	   and	   not	   well-­‐defined	  
€ 
14C(bioCO2 ) 	  value	  
(between	  30	  and	  100%),	  due	  to	  its	  variable	  age	  (up	  to	  9000	  years).	  Due	  to	  its	  age,	  peat	  is	  
in	  some	  regulations	  (like	  EU	  commission	  decision	  2007/589/EC)	  not	  defined	  as	  biomass.	  If	  
a	  mixture	  of	  biomass	  and	  peat	  materials	  is	  combusted,	  difficulties	  arise	  in	  determining	  the	  
biogenic	  CO2	  fraction	  of	  a	  sample	  using	  the	  
14C	  method,	  since	  part	  of	  the	  measured	  14C	  in	  
the	  sample	  is	  from	  the	  ‘fossil’	  peat.	  A	  correction	  is	  in	  that	  case	  needed	  in	  the	  calculation	  of	  
 
the	  biogenic	  CO2	  fraction,	  comparable	  to	  the	  correction	  for	  atmospheric	  air	  as	  applied	  in	  
this	   study.	   It	   might,	   however,	   be	   difficult	   to	   determine	   the	   fraction	   of	   peat	   carbon	   in	  
sample	  material	   or	   to	   obtain	   a	   reliable	   (average)	   14C	   value	   for	   the	   combusted	   batch	   of	  
peat	  materials.	  An	  attractive	  and	  realistic	  solution	  would	  be	  to	  define	  peat	  as	  only	  partly	  
biogenic,	  with	  a	  percentage	  ‘biomass’	  carbon	  corresponding	  to	  its	  14C	  value	  (age	  related).	  
In	  that	  case,	  the	  14C	  contribution	  of	  the	  peat	  in	  the	  total	  14C	  amount	  of	  a	  sample	  is	  taken	  
into	   account	   in	   the	   calculation	   of	   the	   biogenic	   CO2	   fraction,	   while	   only	   the	   combusted	  
(recent)	  biomass	  materials	  determine	  the	  reference	  value	  for	  
€ 




The	  14C	  method	  is	  a	  very	  useful	  method	  for	  industrial	  plants,	  emission	  authorities	  and	  
emission	   inventories	   to	   verify	   data	   estimations	   of	   fuel-­‐derived	   biogenic	   fractions	   of	  
industrial	  CO2	  emissions.	  
	  
The	  14C	  method	  is	  reliable	  and	  sensitive	  and	  can	  be	  used	  to	  determine	  biogenic	  fuel	  
CO2	  fractions	  even	  below	  5%.	  	  
	  
At	  industrial	  plants	  with	  biogenic	  fuel-­‐derived	  CO2	  fractions	  below	  10%,	  the	  presence	  
of	  other	  CO2	  sources	  than	  the	  combusted	  fuels,	  like	  atmospheric	  air	  CO2,	  should	  be	  taken	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Chapter 2
50
 For	   the	   waste	   incineration	   plant	   samples	   a	  
€ 
14C(bioCO2 ) 	  value	   was	   used	   that	   was	  
determined	  by	  Mohn	  et	   al.	   (2008).	   This	   value	  was	  based	  on	  estimations	  of	   the	   average	  
composition	  of	  (municipal)	  waste.	  Fellner	  and	  Rechberger	  (2009)	  confirmed	  this	  value	  for	  
Dutch	  municipal	  waste	  in	  their	  study	  of	  waste	  composition	  data.	  Since	  waste	  materials	  are	  
an	  unknown	  and	  variable	  mixture	  of	  different	  biogenic	  carbon	  sources	  in	  time,	  which	  are	  
already	   mixed	   with	   fossil	   carbon	   sources,	   the	  
€ 
14C(bioCO2 )	  value	   of	   these	   materials	   could,	  
obviously,	   not	   be	   determined	   separately	   by	   14C	   analysis.	   Due	   to	   the	   large	   variation	   in	  
origin	  and	  composition	  of	  the	  biomass	  materials	  in	  waste	  over	  time,	  the	  uncertainty	  in	  the	  
estimated	  
€ 
14C(bioCO2 )	  value	  is	  relatively	  large	  as	  well.	  This	  uncertainty	  determines	  the	  total	  
uncertainty	  in	  the	  each	  determined	  biogenic	  carbon	  fraction	  almost	  entirely	  (in	  this	  study,	  
and	  also	  in	  the	  results	  of	  Mohn	  et	  al.	  (2008)).	  
	  
The	  very	  good	  agreement	  between	  the	  power	  plant	  results	  of	  the	  14C	  method	  and	  the	  
mass	  data	  method	  shows	  that	  the	  applied	  corrections	  for	  other	  carbon	  sources	  than	  the	  
fuels	  (like	  atmospheric	  CO2)	  in	  the	  
14C	  method	  were	  reliable	  and	  successful.	  
	  	  
Only	   if	   unknown	   14C-­‐enriched	   carbon	   sources	   in	   already	   mixed	   fuel	   materials	   (like	  
waste)	  are	  combusted,	  reliable	  verification	  of	  the	  biogenic	  fraction	  of	  CO2	  emissions	  using	  
the	  14C	  method	  is	  not	  possible,	  because	  the	  determined	  biogenic	  carbon	  fraction	  will	  then	  
be	   overestimated.	   Enriched	   14C	   materials	   are	   (fortunately)	   rare	   and	   are	   governed	   by	  
permits	   to	   deal	   with	   radioactive	   materials.	   These	   are	   mainly	   used	   in	   hospital	   or	  
microbiological	  radioactivity	  laboratories	  and	  the	  waste	  will	  normally	  not	  end	  up	  as	  a	  fuel	  
in	  industrial	  plants.	  A	  deliberate	  constant	  enrichment	  of	  the	  combusted	  fuel	  with	  14C	  will	  
be	  very	  difficult	  and	  costly	  (and	  highly	  illegal	  by	  itself)	  and	  is	  therefore	  also	  not	  very	  likely	  
to	  occur.	  Nevertheless,	  both	  accidental	  and	  deliberate	  14C	  enrichment	  might	  be	  possible	  
and	   should	   therefore	   be	   taken	   into	   account	   in	   the	   sampling	   strategy	   of	   flue	   gas	   CO2	   at	  
industrial	   plants.	   Random	   sampling	   at	   industrial	   plants	   with	   different	   relatively	   short	  
intervals	  (1	  hour	  –	  a	  few	  days),	  is	  therefore	  required	  in	  order	  to	  identify	  variations	  in	  the	  
measured	  14C	  value	  in	  time	  which	  are	  not	  likely	  to	  be	  due	  to	  variations	  in	  the	  biogenic	  CO2	  
fraction.	  
	  
At	   industrial	   plants	   where	   peat	   is	   combusted	   it	   could	   be	   difficult	   to	   apply	   the	   14C	  
method,	   because	   peat	   often	   has	   a	   very	   variable	   and	   not	   well-­‐defined	  
€ 
14C(bioCO2 ) 	  value	  
(between	  30	  and	  100%),	  due	  to	  its	  variable	  age	  (up	  to	  9000	  years).	  Due	  to	  its	  age,	  peat	  is	  
in	  some	  regulations	  (like	  EU	  commission	  decision	  2007/589/EC)	  not	  defined	  as	  biomass.	  If	  
a	  mixture	  of	  biomass	  and	  peat	  materials	  is	  combusted,	  difficulties	  arise	  in	  determining	  the	  
biogenic	  CO2	  fraction	  of	  a	  sample	  using	  the	  
14C	  method,	  since	  part	  of	  the	  measured	  14C	  in	  
the	  sample	  is	  from	  the	  ‘fossil’	  peat.	  A	  correction	  is	  in	  that	  case	  needed	  in	  the	  calculation	  of	  
 
the	  biogenic	  CO2	  fraction,	  comparable	  to	  the	  correction	  for	  atmospheric	  air	  as	  applied	  in	  
this	   study.	   It	   might,	   however,	   be	   difficult	   to	   determine	   the	   fraction	   of	   peat	   carbon	   in	  
sample	  material	   or	   to	   obtain	   a	   reliable	   (average)	   14C	   value	   for	   the	   combusted	   batch	   of	  
peat	  materials.	  An	  attractive	  and	  realistic	  solution	  would	  be	  to	  define	  peat	  as	  only	  partly	  
biogenic,	  with	  a	  percentage	  ‘biomass’	  carbon	  corresponding	  to	  its	  14C	  value	  (age	  related).	  
In	  that	  case,	  the	  14C	  contribution	  of	  the	  peat	  in	  the	  total	  14C	  amount	  of	  a	  sample	  is	  taken	  
into	   account	   in	   the	   calculation	   of	   the	   biogenic	   CO2	   fraction,	   while	   only	   the	   combusted	  
(recent)	  biomass	  materials	  determine	  the	  reference	  value	  for	  
€ 




The	  14C	  method	  is	  a	  very	  useful	  method	  for	  industrial	  plants,	  emission	  authorities	  and	  
emission	   inventories	   to	   verify	   data	   estimations	   of	   fuel-­‐derived	   biogenic	   fractions	   of	  
industrial	  CO2	  emissions.	  
	  
The	  14C	  method	  is	  reliable	  and	  sensitive	  and	  can	  be	  used	  to	  determine	  biogenic	  fuel	  
CO2	  fractions	  even	  below	  5%.	  	  
	  
At	  industrial	  plants	  with	  biogenic	  fuel-­‐derived	  CO2	  fractions	  below	  10%,	  the	  presence	  
of	  other	  CO2	  sources	  than	  the	  combusted	  fuels,	  like	  atmospheric	  air	  CO2,	  should	  be	  taken	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This	  study	  investigates	  the	  accuracy	  of	  the	  14C-­‐based	  calculation	  of	  the	  biogenic	  carbon	  
fraction	   for	   different	   biogas	   samples	   and	   bio-­‐fossil	   gas	   mixtures.	   The	   focus	   is	   on	   the	  
uncertainty	   in	   the	   14C	   reference	   values	   for	   100%	   biogenic	   carbon	   and	   on	   the	   13C-­‐based	  
isotope	   fractionation	   correction	   of	   the	   measured	   14C	   values.	   The	   separately	   (AMS)	  
measured	  CO2	  and	  CH4	  fractions	  of	  8	  different	  biogas	  samples	  showed	  
14C	  values	  between	  
102	  and	  116	  %	  (pmC).	  The	  δ13C	  values	  of	  these	  samples	  varied	  between	  -­‐6	  and	  +31	  ‰	  for	  
the	   CO2	   fraction	   and	   between	   -­‐28	   and	   -­‐62	  ‰	   for	   the	   CH4	   fraction.	   The	   uncertainty	   in	  
calculated	   biogenic	   carbon	   fractions	   due	   to	   uncertainty	   in	   the	   14C	   reference	   values	  
depends	  on	  the	  available	   information	  about	   the	  origin	  of	   the	  used	  biogenic	  materials.	   It	  
varies	  between	  ±	  0.5	  and	  ±	  3.5%	  (absolute)	  depending	  on	  the	  type	  of	  biogas.	  A	  method	  is	  
proposed	   to	   minimize	   this	   kind	   of	   uncertainty	   for	   different	   groups	   of	   biogases.	   The	  
calculated	  biogenic	  carbon	  fraction	  deviates	  up	  to	  ±	  2.5%	  for	  bio-­‐fossil	  gas	  mixtures,	  if	  the	  
applied	  isotope	  fractionation	  correction	  is	  based	  on	  the	  δ13C	  value	  of	  the	  mixed	  bio-­‐fossil	  
sample	  instead	  of	  the	  biogenic	  δ13C	  value.	  Combination	  of	  both	  error-­‐sources	  shows	  that	  
the	  uncertainty	   in	   the	   calculated	  biogenic	   carbon	   fraction	   varies	   between	  ±	   0.7%	  and	   ±	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 3.1	  Introduction	  
The	  use	  of	  biogas,	  specifically	  its	  biomethane	  fraction,	  as	  an	  alternative	  for	  natural	  gas	  
increases	   due	   to	   more	   demand	   and	   an	   increasing	   number	   of	   (agricultural)	   biogas	  
production	  plants.	  Although	  biogas	  is	  currently	  mainly	  used	  in	  combination	  with	  heat	  and	  
power	   stations	   (CHP;	   production	   of	   electricity	   at	   the	   biogas	   production	   site),	   biogas	   is	  
increasingly	   used	   as	   vehicle	   fuel	   and	   injected	   into	   local	   and	   national	   gas	   grids	   (Weiland	  
2010).	  Hence,	  there	  is	  an	  upcoming	  market	  in	  which	  biogas	  is	  combusted	  alone	  or	  as	  part	  
of	   biogenic/fossil	   fuel	   mixtures.	   Verification	   of	   the	   biogenic	   carbon	   composition	   of	  
produced	   bio-­‐methane,	   bio-­‐fossil	   gas	   mixtures	   and	   of	   related	   CO2	   emissions,	   using	  
preferably	  the	  14C	  method,	  becomes	  more	  relevant.	  So	  far,	  however,	  the	  14C	  method	  was	  
only	  investigated	  and	  tested	  for	  different	  liquid	  and	  solid	  fuels	  and	  for	  flue	  gas	  CO2	  (Dijs	  et	  
al.	  2006;	  Staber	  et	  al.	  2008;	  Mohn	  et	  al.	  2008;	  Palstra	  and	  Meijer	  2010).	  The	  14C	  method	  
was	  not	  demonstrated	  yet	  for	  fuel	  mixtures	  containing	  biogas	  and	  natural	  gas.	  
	  
This	   chapter	  will	  discuss	   to	  what	  extent	   two	  different	  aspects	  within	   the	   14C-­‐method	  
introduce	   (systematic)	   errors	   in	   the	   calculated	   biogenic	   carbon	   fraction	   (in	   short:	   bioC	  
fraction)	   when	   applied	   to	   fuel	   mixtures	   containing	   biogas	   and	   natural	   gas.	   One	   of	   the	  
investigated	  aspects	  is	  the	  uncertainty	  in	  the	  14C	  reference	  value	  for	  100%	  biogas	  carbon	  
(its	   methane	   fraction	   in	   particular).	   To	   calculate	   the	   bioC	   fraction	   of	   a	   sample,	   the	   14C	  
value	  of	  this	  sample	  needs	  to	  be	  compared	  with	  the	  14C	  value	  of	  the	  bioC	  fraction	  of	  the	  
sample	  (reference	  value,	  14Cbio).	  As	  explained	  in	  chapter	  1,	  the	  
14C	  value	  of	  biogenic	  carbon	  
is	  in	  general	  determined	  by	  the	  14C	  value	  of	  the	  atmospheric	  CO2	  during	  the	  time	  period	  of	  
photosynthesis	   by	   plant	   material	   and	   shows	   large	   temporal	   and	   spatial	   variations.	  
Especially	  when	  biogas	  itself	  needs	  to	  be	  verified	  on	  its	  100%	  bioC	  content	  or	  when	  biogas	  
and	   fossil	   gas	   are	   already	  mixed,	   14Cbio	   in	   these	   kinds	  of	   samples	   cannot	  be	  determined	  
based	   on	   direct	   14C	   measurement	   of	   the	   sample	   itself,	   but	   needs	   to	   be	   approximated	  
based	   on	   (most	   likely)	   atmospheric	   14CO2	   values.	   This	   approximation	   introduces	   an	  
uncertainty	   in	   the	   calculated	   bioC	   fraction,	   which	   increases	   when	   less	   information	   is	  
available	  about	  the	  composition	  and	  origin	  (average	  harvest	  year)	  of	  the	  bioC	  material	  in	  
the	  investigated	  sample.	   It	   is	  shown	  in	  this	  study	  for	  eight	  different	  biogas	  samples	  from	  
different	  production	  sites.	   In	  the	  applied	  approach	  the	  investigated	  biogas	  samples	  were	  
divided	   into	   four	   different	   ‘biotype’	   groups	   with	   each	   a	   certain	   approximated	   14C	  
reference	  value	  and	  an	  accompanying	  uncertainty,	  merely	  based	  on	  the	  expected	  harvest	  
year	  of	  the	  biogenic	  materials	  that	  were	  used	  in	  the	  specific	  biogas	  production	  processes.	  
	  
Another	   aspect	   that	   was	   investigated	   in	   this	   study,	   and	   which	   has	   not	   been	  
investigated	   so	   far	   for	   any	   kind	   of	   bio-­‐fossil	   fuel	   mixtures,	   is	   isotope	   fractionation	  
correction	  of	  measured	  14C	  values.	  This	  aspect	  within	  the	  14C	  method	  can	  cause	  systematic	  
errors	   in	   the	   calculated	   bioC	   fraction	   if	   not	   applied	  well.	   To	   compare	   the	  measured	   14C	  
 
value	  of	  a	  sample	  with	  14Cbio,	  both	  
14C	  values	  should	  be	  calculated	  according	  to	  the	  same	  
specific	   standardized	   calculations.	   13C-­‐based	   isotope	   fractionation	   correction	   (to	   a	  
normalized	  value)	   should	  be	  part	  of	   these	   calculations,	   especially	   if	   the	  biogenic	   carbon	  
sources	   of	   the	   measured	   sample	   and	   the	   14C	   reference	   value	   are	   different	   and	   have	  
different	  δ13C	  values.	  Norton	  &	  Devlin	   (2006)	  have	  shown	  examples	  of	  deviations	   in	   the	  
calculated	  bioC	   fraction	   if	   the	   isotope	   fractionation	   correction	  has	   only	   been	   applied	   to	  
the	  14C	  reference	  value	  but	  not	  to	  the	  measured	  14C	  value	  of	  the	  sample	  itself.	  	  
	  
When	  applied,	  the	  isotope	  fractionation	  correction	  should	  in	  principle	  only	  correct	  for	  
isotope	  fractionation	  that	  has	  occurred	  in	  the	  14C	  containing	  carbon	  source.	  Hence,	  for	  14C	  
applications	   in	   which	   mixtures	   of	   fossil	   and	   biogenic	   carbon	   are	   analyzed,	   the	   isotope	  
fractionation	  correction	  should	  only	  correct	  for	  isotope	  fractionation	  that	  has	  occurred	  in	  
the	  bioC	  fraction	  (until	  measurement).	  It	  is,	  however,	  often	  not	  possible	  to	  investigate	  the	  
δ13C	  values	  of	  the	  bioC	  and	  fossilC	  fractions	  separately.	   In	  general	  only	  the	  δ13C	  value	  of	  
the	   final	  mixture	  will	   be	  analyzed,	   including	   the	   contribution	  of	   the	   fossil	   carbon.	  Mook	  
(1980)	  has	  described	   this	   13C	   “mixing	  effect”	  on	   the	   isotope	   fractionation	   correction	   for	  
atmospheric	  CO2	  samples.	  De	  Rooij	  et	  al.	  (2008)	  present	  a	  calculation	  study	  for	  (modern)	  
carbon	  AMS	  samples	  diluted	  with	  fossil	  carbon	  before	  graphitization.	  The	  13C-­‐mixing	  effect	  
on	   the	   isotope	   fractionation	   correction	  has	  not	  been	   investigated	  yet	   for	  different	   fuels	  
and	  flue	  gas	  CO2	  samples.	  This	  effect	  will	   in	  general	  not	  be	  relevant	   in	  case	  the	  biogenic	  
carbon	   and	   fossil	   carbon	   have	   very	   similar	   δ13C	   values	   (like	   wood	   and	   coal)	   and	   the	  
fraction	   of	   fossil	   carbon	   is	   relatively	   small.	   Natural	   gas	   and	   biogas	   (their	   methane	  
fractions),	   however,	   both	   show	   a	   large	   variation	   in	   δ13C	   values,	   with	   values	   ranging	  
between	   -­‐25	   and	   -­‐80	   ‰	   (Levin	   et	   al.	   1993;	   Bergamaschi	   et	   al.	   1998;	   Milkov	   2005;	  
Laukenmann	   et	   al.	   2010).	  Gas	   fuel	  mixtures	   containing	   biogas	   and/or	   natural	   gas	  might	  
therefore	   show	   significant	   13C	  mixing	   effects	   on	   the	   isotope	   fractionation	   correction,	   as	  
the	  measured	  δ13C	  value	  of	  the	  bio-­‐fossil	  mixture	  can	  be	  very	  different	  from	  the	  δ13C	  value	  
of	   the	   bioC	   fraction	   in	   the	   sample.	   Hence,	   for	   these	   kinds	   of	  mixtures	   some	   systematic	  
deviation	   in	   the	   14C-­‐based	   bioC	   fraction	   can	   be	   expected.	   This	   study	   quantifies	   these	  
deviations,	  both	  theoretically	  and	  experimentally,	  for	  different	  biogas	  and	  natural	  gas	  fuel	  
mixtures.	  The	  necessary	  calculations	  will	  be	  presented	  in	  detail	  and	  the	  results	  are	  tested	  
and	  illustrated	  with	  actual	  biogas/natural	  gas	  mixtures.	  Finally,	  this	  chapter	  will	  show	  how	  
both	   investigated	   aspects	   together	   affect	   the	   accuracy	   of	   the	   14C	   method	   for	  
biogas/natural	  gas	  mixtures.	  
	  
This	  chapter	  is	  very	  similar	  to	  the	  published	  research	  paper	  (Palstra	  and	  Meijer,	  2014).	  
Some	   (introduction)	  parts	   are	  moved	   to	   chapter	  1.	   The	   research	  was	  part	  of	  project	  A2	  




 3.1	  Introduction	  
The	  use	  of	  biogas,	  specifically	  its	  biomethane	  fraction,	  as	  an	  alternative	  for	  natural	  gas	  
increases	   due	   to	   more	   demand	   and	   an	   increasing	   number	   of	   (agricultural)	   biogas	  
production	  plants.	  Although	  biogas	  is	  currently	  mainly	  used	  in	  combination	  with	  heat	  and	  
power	   stations	   (CHP;	   production	   of	   electricity	   at	   the	   biogas	   production	   site),	   biogas	   is	  
increasingly	   used	   as	   vehicle	   fuel	   and	   injected	   into	   local	   and	   national	   gas	   grids	   (Weiland	  
2010).	  Hence,	  there	  is	  an	  upcoming	  market	  in	  which	  biogas	  is	  combusted	  alone	  or	  as	  part	  
of	   biogenic/fossil	   fuel	   mixtures.	   Verification	   of	   the	   biogenic	   carbon	   composition	   of	  
produced	   bio-­‐methane,	   bio-­‐fossil	   gas	   mixtures	   and	   of	   related	   CO2	   emissions,	   using	  
preferably	  the	  14C	  method,	  becomes	  more	  relevant.	  So	  far,	  however,	  the	  14C	  method	  was	  
only	  investigated	  and	  tested	  for	  different	  liquid	  and	  solid	  fuels	  and	  for	  flue	  gas	  CO2	  (Dijs	  et	  
al.	  2006;	  Staber	  et	  al.	  2008;	  Mohn	  et	  al.	  2008;	  Palstra	  and	  Meijer	  2010).	  The	  14C	  method	  
was	  not	  demonstrated	  yet	  for	  fuel	  mixtures	  containing	  biogas	  and	  natural	  gas.	  
	  
This	   chapter	  will	  discuss	   to	  what	  extent	   two	  different	  aspects	  within	   the	   14C-­‐method	  
introduce	   (systematic)	   errors	   in	   the	   calculated	   biogenic	   carbon	   fraction	   (in	   short:	   bioC	  
fraction)	   when	   applied	   to	   fuel	   mixtures	   containing	   biogas	   and	   natural	   gas.	   One	   of	   the	  
investigated	  aspects	  is	  the	  uncertainty	  in	  the	  14C	  reference	  value	  for	  100%	  biogas	  carbon	  
(its	   methane	   fraction	   in	   particular).	   To	   calculate	   the	   bioC	   fraction	   of	   a	   sample,	   the	   14C	  
value	  of	  this	  sample	  needs	  to	  be	  compared	  with	  the	  14C	  value	  of	  the	  bioC	  fraction	  of	  the	  
sample	  (reference	  value,	  14Cbio).	  As	  explained	  in	  chapter	  1,	  the	  
14C	  value	  of	  biogenic	  carbon	  
is	  in	  general	  determined	  by	  the	  14C	  value	  of	  the	  atmospheric	  CO2	  during	  the	  time	  period	  of	  
photosynthesis	   by	   plant	   material	   and	   shows	   large	   temporal	   and	   spatial	   variations.	  
Especially	  when	  biogas	  itself	  needs	  to	  be	  verified	  on	  its	  100%	  bioC	  content	  or	  when	  biogas	  
and	   fossil	   gas	   are	   already	  mixed,	   14Cbio	   in	   these	   kinds	  of	   samples	   cannot	  be	  determined	  
based	   on	   direct	   14C	   measurement	   of	   the	   sample	   itself,	   but	   needs	   to	   be	   approximated	  
based	   on	   (most	   likely)	   atmospheric	   14CO2	   values.	   This	   approximation	   introduces	   an	  
uncertainty	   in	   the	   calculated	   bioC	   fraction,	   which	   increases	   when	   less	   information	   is	  
available	  about	  the	  composition	  and	  origin	  (average	  harvest	  year)	  of	  the	  bioC	  material	  in	  
the	  investigated	  sample.	   It	   is	  shown	  in	  this	  study	  for	  eight	  different	  biogas	  samples	  from	  
different	  production	  sites.	   In	  the	  applied	  approach	  the	  investigated	  biogas	  samples	  were	  
divided	   into	   four	   different	   ‘biotype’	   groups	   with	   each	   a	   certain	   approximated	   14C	  
reference	  value	  and	  an	  accompanying	  uncertainty,	  merely	  based	  on	  the	  expected	  harvest	  
year	  of	  the	  biogenic	  materials	  that	  were	  used	  in	  the	  specific	  biogas	  production	  processes.	  
	  
Another	   aspect	   that	   was	   investigated	   in	   this	   study,	   and	   which	   has	   not	   been	  
investigated	   so	   far	   for	   any	   kind	   of	   bio-­‐fossil	   fuel	   mixtures,	   is	   isotope	   fractionation	  
correction	  of	  measured	  14C	  values.	  This	  aspect	  within	  the	  14C	  method	  can	  cause	  systematic	  
errors	   in	   the	   calculated	   bioC	   fraction	   if	   not	   applied	  well.	   To	   compare	   the	  measured	   14C	  
 
value	  of	  a	  sample	  with	  14Cbio,	  both	  
14C	  values	  should	  be	  calculated	  according	  to	  the	  same	  
specific	   standardized	   calculations.	   13C-­‐based	   isotope	   fractionation	   correction	   (to	   a	  
normalized	  value)	   should	  be	  part	  of	   these	   calculations,	   especially	   if	   the	  biogenic	   carbon	  
sources	   of	   the	   measured	   sample	   and	   the	   14C	   reference	   value	   are	   different	   and	   have	  
different	  δ13C	  values.	  Norton	  &	  Devlin	   (2006)	  have	  shown	  examples	  of	  deviations	   in	   the	  
calculated	  bioC	   fraction	   if	   the	   isotope	   fractionation	   correction	  has	   only	   been	   applied	   to	  
the	  14C	  reference	  value	  but	  not	  to	  the	  measured	  14C	  value	  of	  the	  sample	  itself.	  	  
	  
When	  applied,	  the	  isotope	  fractionation	  correction	  should	  in	  principle	  only	  correct	  for	  
isotope	  fractionation	  that	  has	  occurred	  in	  the	  14C	  containing	  carbon	  source.	  Hence,	  for	  14C	  
applications	   in	   which	   mixtures	   of	   fossil	   and	   biogenic	   carbon	   are	   analyzed,	   the	   isotope	  
fractionation	  correction	  should	  only	  correct	  for	  isotope	  fractionation	  that	  has	  occurred	  in	  
the	  bioC	  fraction	  (until	  measurement).	  It	  is,	  however,	  often	  not	  possible	  to	  investigate	  the	  
δ13C	  values	  of	  the	  bioC	  and	  fossilC	  fractions	  separately.	   In	  general	  only	  the	  δ13C	  value	  of	  
the	   final	  mixture	  will	   be	  analyzed,	   including	   the	   contribution	  of	   the	   fossil	   carbon.	  Mook	  
(1980)	  has	  described	   this	   13C	   “mixing	  effect”	  on	   the	   isotope	   fractionation	   correction	   for	  
atmospheric	  CO2	  samples.	  De	  Rooij	  et	  al.	  (2008)	  present	  a	  calculation	  study	  for	  (modern)	  
carbon	  AMS	  samples	  diluted	  with	  fossil	  carbon	  before	  graphitization.	  The	  13C-­‐mixing	  effect	  
on	   the	   isotope	   fractionation	   correction	  has	  not	  been	   investigated	  yet	   for	  different	   fuels	  
and	  flue	  gas	  CO2	  samples.	  This	  effect	  will	   in	  general	  not	  be	  relevant	   in	  case	  the	  biogenic	  
carbon	   and	   fossil	   carbon	   have	   very	   similar	   δ13C	   values	   (like	   wood	   and	   coal)	   and	   the	  
fraction	   of	   fossil	   carbon	   is	   relatively	   small.	   Natural	   gas	   and	   biogas	   (their	   methane	  
fractions),	   however,	   both	   show	   a	   large	   variation	   in	   δ13C	   values,	   with	   values	   ranging	  
between	   -­‐25	   and	   -­‐80	   ‰	   (Levin	   et	   al.	   1993;	   Bergamaschi	   et	   al.	   1998;	   Milkov	   2005;	  
Laukenmann	   et	   al.	   2010).	  Gas	   fuel	  mixtures	   containing	   biogas	   and/or	   natural	   gas	  might	  
therefore	   show	   significant	   13C	  mixing	   effects	   on	   the	   isotope	   fractionation	   correction,	   as	  
the	  measured	  δ13C	  value	  of	  the	  bio-­‐fossil	  mixture	  can	  be	  very	  different	  from	  the	  δ13C	  value	  
of	   the	   bioC	   fraction	   in	   the	   sample.	   Hence,	   for	   these	   kinds	   of	  mixtures	   some	   systematic	  
deviation	   in	   the	   14C-­‐based	   bioC	   fraction	   can	   be	   expected.	   This	   study	   quantifies	   these	  
deviations,	  both	  theoretically	  and	  experimentally,	  for	  different	  biogas	  and	  natural	  gas	  fuel	  
mixtures.	  The	  necessary	  calculations	  will	  be	  presented	  in	  detail	  and	  the	  results	  are	  tested	  
and	  illustrated	  with	  actual	  biogas/natural	  gas	  mixtures.	  Finally,	  this	  chapter	  will	  show	  how	  
both	   investigated	   aspects	   together	   affect	   the	   accuracy	   of	   the	   14C	   method	   for	  
biogas/natural	  gas	  mixtures.	  
	  
This	  chapter	  is	  very	  similar	  to	  the	  published	  research	  paper	  (Palstra	  and	  Meijer,	  2014).	  
Some	   (introduction)	  parts	   are	  moved	   to	   chapter	  1.	   The	   research	  was	  part	  of	  project	  A2	  
‘Agate-­‐1’	  of	  the	  green	  gas	  project	  EDGaR	  (Energy	  Delta	  Gas	  Research).	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 3.2	  Experimental	  methods	  
To	   determine	   the	   14C	   values	   of	   biogas	   from	   different	   production	   plants	   and	   to	  
investigate	  the	  isotope	  fractionation	  correction	  of	  bio-­‐fossil	  gas	  mixtures,	  different	  biogas	  
and	  natural	  gas	  samples	  were	  acquired,	  pre-­‐treated	  and	  then	  combusted	  to	  pure	  CO2.	  The	  
δ13C	  value	  of	  this	  CO2	  was	  analyzed	  by	  isotope	  ratio	  mass	  spectrometry	  (IRMS)	  and,	  after	  
graphitization,	   its	   14C	   value	   by	  AMS.	   To	   investigate	   the	   isotope	   fractionation	   correction,	  
two	   different	   mixture	   series	   of	   biogenic	   and	   fossil	   CO2	   (both	   from	   combusted	   CH4	  
samples)	  were	  made:	  one	  from	  biogenic	  and	  fossil	  CO2	  with	  very	  different	  δ
13C	  values	  and	  
one	  from	  biogenic	  and	  fossil	  CO2	  with	  similar	  δ
13C	  values.	  For	  every	  pair	  of	  biogenic	  and	  
fossil	   CO2	   at	   least	   five	   different	   CO2	  mixtures	  with	   bioC	   fractions	   between	   0	   and	   100%	  
were	  made	  and	  analyzed	  on	  δ13C	  and	  14C.	  
	  
3.2.1	  Biogas	  and	  natural	  gas	  samples	  
Eight	  raw	  biogas	  samples	  and	  three	  natural	  gas	  samples	  were	  obtained	   in	  2011	  from	  
DNV	  KEMA	   (since	   2013:	  DNV	  GL),	  Groningen,	   the	  Netherlands.	  DNV	  KEMA	   sampled	   the	  
gases	  at	  production	  sites	  (except	  “Groningen	  gas”,	  which	  was	  sampled	  in	  the	  laboratory	  of	  
KEMA	  itself)	  and	  determined	  the	  composition	  of	  the	  gases	  based	  on	  gas	  chromatography	  
(GC)	  analysis	   in	   their	   laboratory.	  The	  gas	  was	  sampled	  with	  3-­‐L	  gasbags	  of	  various	   types	  
(SKC	  Tedlar	  bags	  with	  polypropylene	  fitting,	  SKC	  Flex	  Foil	  bags	  with	  polypropylene	  fitting	  
and	  Tedlar	  bags	  from	  BaSystemen	  with	  polypropylene	  fitting).	  	  
	  
3.2.2	  Gas	  sample	  pretreatment	  
Before	  the	  gas	  samples	  were	  combusted	  to	  CO2,	  all	  samples	  were	  pretreated.	  Part	  of	  
the	  pretreatment	  of	  the	  biogas	  samples	  was	  different	  to	  that	  of	  the	  natural	  gas	  samples,	  
due	   to	   the	   larger	   CO2	   fraction	   present	   in	   the	   (raw)	   biogas	   samples	   compared	   to	   the	  
natural	   gas	   samples.	   The	   investigated	   raw	   biogas	   samples	   contained	   8	   -­‐	   42%	   CO2	   (mol.	  
fraction),	  while	  the	  natural	  gas	  samples	  contained	  maximal	  1	  -­‐	  3%	  CO2.	   In	  this	  study	  the	  
CO2	  fraction	  in	  the	  biogas	  samples	  were	  separated	  from	  the	  CH4-­‐fraction	  (and	  some	  minor	  
other	   components),	   to	   gain	   insight	   in	   the	   isotopic	   carbon	   composition	   of	   both	   carbon	  
components	  separately.	  As	  the	  removal	  of	  the	  CO2-­‐fraction	  is	  common	  practice	  in	  the	  pre-­‐
treatment	   of	   biogas	   to	   obtain	   a	   safe,	   energy-­‐efficient,	   and	   reliable	   energy	   source	  
(biomethane	  or	  what	  is	  often	  called	  “green	  gas”),	  the	  isotope	  measurement	  results	  of	  the	  
combusted	  CH4-­‐fraction	  are	  also	  a	  realistic	  example	  of	  carbon	  isotope	  results	  that	  can	  be	  
expected	  if	  pre-­‐treated	  biogas	  samples	  are	  combusted.	  	  
	  
In	  this	  study	  360	  -­‐	  490	  mL	  of	  raw	  biogas	  was	  prepared,	  delivering	  250-­‐300	  mL	  CO2	  after	  
combustion	  of	  the	  CH4-­‐fraction.	  This	  amount	  of	  CO2	  was	  necessary	  because	  it	  formed	  the	  
basis	   of	   our	   investigated	   biogas-­‐natural	   gas	   mixtures.	   To	   separate	   the	   CO2	   and	   CH4	  
fractions	  of	  a	  raw	  biogas	  sample,	  the	  sample	  was	  introduced	  in	  a	  vacuum-­‐pumped	  system,	  
 
water	  and	  heavy	  molecules	  were	  cryogenically	   trapped	  with	  dry	   ice/ethanol	   (-­‐78ºC)	  and	  
the	  CO2	  was	   cryogenically	   trapped	   in	   an	   iso-­‐pentane	   trap	   (-­‐160	   ºC).	   The	   remaining	  CH4-­‐
fraction	  was	  cryogenically	  trapped	  with	  liquid	  N2	  (-­‐196	  ºC)	  in	  a	  20-­‐mL	  flask	  that	  contained	  
approximately	  4	  g	  of	  molecular	   sieve	  5A.	  The	   trapped	  CO2-­‐fraction	  was	   transferred	   to	  a	  
cylinder.	   To	   obtain	   sufficient	   CH4	   for	   the	   combustion	   process,	   the	   CO2-­‐CH4	   separation	  
procedure	  was	  performed	  twice	  due	  to	  size	  limitations	  of	  the	  system.	  The	  absorbed	  CH4-­‐
fraction	  in	  the	  20-­‐mL	  flask	  was	  desorbed	  from	  the	  molecular	  sieve	  material	  (by	  heating	  it)	  
while	   connected	   to	  a	   vacuum-­‐pumped	  2.5-­‐L	   flask.	   The	  obtained	  gas	   sample	   in	   the	  2.5-­‐L	  
flask	  was	  diluted	  with	  pure	  N2	  gas	  to	  1	  atm.	  to	  make	  it	  suitable	  for	  the	  combustion	  system	  
and	  to	  obtain	  a	  low	  methane	  concentration	  (to	  enhance	  the	  combustion	  efficiency	  in	  the	  
specific	   combustion	   system	   at	   a	   certain	   gas	   flow	   rate).	   The	   CH4-­‐fraction	   of	   the	   biogas	  
sample	  was	  then	  ready	  to	  be	  combusted.	  	  
	  
For	  natural	  gas	  samples,	   the	  procedure	  prior	   to	  combustion	  was	  slightly	  different,	  as	  
the	   separation	   of	   CO2	   was	   not	   necessary.	   Only	   water	   (if	   present)	   and	   heavy	  molecules	  
were	  removed	  from	  the	  natural	  gas	  samples	  by	  trapping	  them	  cryogenically	  in	  a	  vacuum-­‐
pumped	   system	   with	   a	   dry	   ice/ethanol	   mixture.	   Approximately	   380	   mL	   of	   gas	   was	  
transferred	  to	  a	  2.5-­‐L	  flask	  and,	  similar	  to	  the	  biogas	  samples,	  this	  flask	  was	  filled	  to	  1	  atm.	  
with	  pure	  nitrogen	  gas	  as	  well.	  
	  
3.2.3	  Gas	  sample	  combustion	  
The	   combustion	   method	   and	   the	   procedure	   to	   obtain	   pure	   CO2	   was	   the	   same	   for	  
biogas	  and	  natural	  gas	  samples.	  After	  the	  pre-­‐treatment,	  the	  2.5-­‐L	  flask	  with	  gas	  sample	  
was	  connected	  in	  series	  with	  a	  (pure)	  nitrogen	  gas	  flow	  (≈	  35	  mL/min).	  This	  flow	  passed	  
through	  the	  flask	  and	  then,	  together	  with	  the	  gas	  sample,	  through	  the	  entire	  combustion	  
system.	  The	  gas	  flow	  (of	  gas	  sample	  +	  N2)	  first	  passed	  a	  volume	  that	  was	  oven-­‐heated	  to	  
1000	  ºC.	  At	  the	  end	  of	  this	  heated	  volume,	  an	  O2	  flow	  was	  introduced	  to	  oxidize	  the	  gas	  
sample	  components.	  The	  gas	  flow	  then	  passed	  a	  volume	  filled	  with	  CuO	  (oven-­‐heated	  to	  
850	  ºC)	  to	  oxidize	  any	  formed	  CO	  to	  CO2.	  All	  formed	  CO2	  was	  then	  cryogenically	  (liquid	  N2)	  
trapped	  and	  the	  rest	  of	  the	  gas	  (mainly	  N2	  and	  O2)	  was	  released	  at	  the	  end	  of	  the	  system.	  
For	   each	   sample,	   the	   combustion	   process	   lasted	   2	   hr,	   as	   (in	   general)	   the	   obtained	   CO2	  
yield	   was	   then	   sufficient	   (>	   250	   mL).	   To	   obtain	   pure	   CO2	   for	   the	   measurements,	   the	  
combusted	  gas	   flow	   first	   passed	  different	   steps	   to	   remove	  water	   and	   contaminants	   like	  
oxidized	   nitrogen	   and	   sulfur	   components,	   using	   heated	   pure	   Ag	   (450	   ºC),	   (acidified)	  
KMnO4	  solution,	  and	  cryogen	  (dry	  ice/ethanol)	  water	  traps.	  Remaining	  NOx	  components	  in	  
the	   obtained	   CO2-­‐fraction	   were	   removed	   using	   pure	   Cu	   (at	   600	   ºC).	   All	   obtained	   CO2	  





 3.2	  Experimental	  methods	  
To	   determine	   the	   14C	   values	   of	   biogas	   from	   different	   production	   plants	   and	   to	  
investigate	  the	  isotope	  fractionation	  correction	  of	  bio-­‐fossil	  gas	  mixtures,	  different	  biogas	  
and	  natural	  gas	  samples	  were	  acquired,	  pre-­‐treated	  and	  then	  combusted	  to	  pure	  CO2.	  The	  
δ13C	  value	  of	  this	  CO2	  was	  analyzed	  by	  isotope	  ratio	  mass	  spectrometry	  (IRMS)	  and,	  after	  
graphitization,	   its	   14C	   value	   by	  AMS.	   To	   investigate	   the	   isotope	   fractionation	   correction,	  
two	   different	   mixture	   series	   of	   biogenic	   and	   fossil	   CO2	   (both	   from	   combusted	   CH4	  
samples)	  were	  made:	  one	  from	  biogenic	  and	  fossil	  CO2	  with	  very	  different	  δ
13C	  values	  and	  
one	  from	  biogenic	  and	  fossil	  CO2	  with	  similar	  δ
13C	  values.	  For	  every	  pair	  of	  biogenic	  and	  
fossil	   CO2	   at	   least	   five	   different	   CO2	  mixtures	  with	   bioC	   fractions	   between	   0	   and	   100%	  
were	  made	  and	  analyzed	  on	  δ13C	  and	  14C.	  
	  
3.2.1	  Biogas	  and	  natural	  gas	  samples	  
Eight	  raw	  biogas	  samples	  and	  three	  natural	  gas	  samples	  were	  obtained	   in	  2011	  from	  
DNV	  KEMA	   (since	   2013:	  DNV	  GL),	  Groningen,	   the	  Netherlands.	  DNV	  KEMA	   sampled	   the	  
gases	  at	  production	  sites	  (except	  “Groningen	  gas”,	  which	  was	  sampled	  in	  the	  laboratory	  of	  
KEMA	  itself)	  and	  determined	  the	  composition	  of	  the	  gases	  based	  on	  gas	  chromatography	  
(GC)	  analysis	   in	   their	   laboratory.	  The	  gas	  was	  sampled	  with	  3-­‐L	  gasbags	  of	  various	   types	  
(SKC	  Tedlar	  bags	  with	  polypropylene	  fitting,	  SKC	  Flex	  Foil	  bags	  with	  polypropylene	  fitting	  
and	  Tedlar	  bags	  from	  BaSystemen	  with	  polypropylene	  fitting).	  	  
	  
3.2.2	  Gas	  sample	  pretreatment	  
Before	  the	  gas	  samples	  were	  combusted	  to	  CO2,	  all	  samples	  were	  pretreated.	  Part	  of	  
the	  pretreatment	  of	  the	  biogas	  samples	  was	  different	  to	  that	  of	  the	  natural	  gas	  samples,	  
due	   to	   the	   larger	   CO2	   fraction	   present	   in	   the	   (raw)	   biogas	   samples	   compared	   to	   the	  
natural	   gas	   samples.	   The	   investigated	   raw	   biogas	   samples	   contained	   8	   -­‐	   42%	   CO2	   (mol.	  
fraction),	  while	  the	  natural	  gas	  samples	  contained	  maximal	  1	  -­‐	  3%	  CO2.	   In	  this	  study	  the	  
CO2	  fraction	  in	  the	  biogas	  samples	  were	  separated	  from	  the	  CH4-­‐fraction	  (and	  some	  minor	  
other	   components),	   to	   gain	   insight	   in	   the	   isotopic	   carbon	   composition	   of	   both	   carbon	  
components	  separately.	  As	  the	  removal	  of	  the	  CO2-­‐fraction	  is	  common	  practice	  in	  the	  pre-­‐
treatment	   of	   biogas	   to	   obtain	   a	   safe,	   energy-­‐efficient,	   and	   reliable	   energy	   source	  
(biomethane	  or	  what	  is	  often	  called	  “green	  gas”),	  the	  isotope	  measurement	  results	  of	  the	  
combusted	  CH4-­‐fraction	  are	  also	  a	  realistic	  example	  of	  carbon	  isotope	  results	  that	  can	  be	  
expected	  if	  pre-­‐treated	  biogas	  samples	  are	  combusted.	  	  
	  
In	  this	  study	  360	  -­‐	  490	  mL	  of	  raw	  biogas	  was	  prepared,	  delivering	  250-­‐300	  mL	  CO2	  after	  
combustion	  of	  the	  CH4-­‐fraction.	  This	  amount	  of	  CO2	  was	  necessary	  because	  it	  formed	  the	  
basis	   of	   our	   investigated	   biogas-­‐natural	   gas	   mixtures.	   To	   separate	   the	   CO2	   and	   CH4	  
fractions	  of	  a	  raw	  biogas	  sample,	  the	  sample	  was	  introduced	  in	  a	  vacuum-­‐pumped	  system,	  
 
water	  and	  heavy	  molecules	  were	  cryogenically	   trapped	  with	  dry	   ice/ethanol	   (-­‐78ºC)	  and	  
the	  CO2	  was	   cryogenically	   trapped	   in	   an	   iso-­‐pentane	   trap	   (-­‐160	   ºC).	   The	   remaining	  CH4-­‐
fraction	  was	  cryogenically	  trapped	  with	  liquid	  N2	  (-­‐196	  ºC)	  in	  a	  20-­‐mL	  flask	  that	  contained	  
approximately	  4	  g	  of	  molecular	   sieve	  5A.	  The	   trapped	  CO2-­‐fraction	  was	   transferred	   to	  a	  
cylinder.	   To	   obtain	   sufficient	   CH4	   for	   the	   combustion	   process,	   the	   CO2-­‐CH4	   separation	  
procedure	  was	  performed	  twice	  due	  to	  size	  limitations	  of	  the	  system.	  The	  absorbed	  CH4-­‐
fraction	  in	  the	  20-­‐mL	  flask	  was	  desorbed	  from	  the	  molecular	  sieve	  material	  (by	  heating	  it)	  
while	   connected	   to	  a	   vacuum-­‐pumped	  2.5-­‐L	   flask.	   The	  obtained	  gas	   sample	   in	   the	  2.5-­‐L	  
flask	  was	  diluted	  with	  pure	  N2	  gas	  to	  1	  atm.	  to	  make	  it	  suitable	  for	  the	  combustion	  system	  
and	  to	  obtain	  a	  low	  methane	  concentration	  (to	  enhance	  the	  combustion	  efficiency	  in	  the	  
specific	   combustion	   system	   at	   a	   certain	   gas	   flow	   rate).	   The	   CH4-­‐fraction	   of	   the	   biogas	  
sample	  was	  then	  ready	  to	  be	  combusted.	  	  
	  
For	  natural	  gas	  samples,	   the	  procedure	  prior	   to	  combustion	  was	  slightly	  different,	  as	  
the	   separation	   of	   CO2	   was	   not	   necessary.	   Only	   water	   (if	   present)	   and	   heavy	  molecules	  
were	  removed	  from	  the	  natural	  gas	  samples	  by	  trapping	  them	  cryogenically	  in	  a	  vacuum-­‐
pumped	   system	   with	   a	   dry	   ice/ethanol	   mixture.	   Approximately	   380	   mL	   of	   gas	   was	  
transferred	  to	  a	  2.5-­‐L	  flask	  and,	  similar	  to	  the	  biogas	  samples,	  this	  flask	  was	  filled	  to	  1	  atm.	  
with	  pure	  nitrogen	  gas	  as	  well.	  
	  
3.2.3	  Gas	  sample	  combustion	  
The	   combustion	   method	   and	   the	   procedure	   to	   obtain	   pure	   CO2	   was	   the	   same	   for	  
biogas	  and	  natural	  gas	  samples.	  After	  the	  pre-­‐treatment,	  the	  2.5-­‐L	  flask	  with	  gas	  sample	  
was	  connected	  in	  series	  with	  a	  (pure)	  nitrogen	  gas	  flow	  (≈	  35	  mL/min).	  This	  flow	  passed	  
through	  the	  flask	  and	  then,	  together	  with	  the	  gas	  sample,	  through	  the	  entire	  combustion	  
system.	  The	  gas	  flow	  (of	  gas	  sample	  +	  N2)	  first	  passed	  a	  volume	  that	  was	  oven-­‐heated	  to	  
1000	  ºC.	  At	  the	  end	  of	  this	  heated	  volume,	  an	  O2	  flow	  was	  introduced	  to	  oxidize	  the	  gas	  
sample	  components.	  The	  gas	  flow	  then	  passed	  a	  volume	  filled	  with	  CuO	  (oven-­‐heated	  to	  
850	  ºC)	  to	  oxidize	  any	  formed	  CO	  to	  CO2.	  All	  formed	  CO2	  was	  then	  cryogenically	  (liquid	  N2)	  
trapped	  and	  the	  rest	  of	  the	  gas	  (mainly	  N2	  and	  O2)	  was	  released	  at	  the	  end	  of	  the	  system.	  
For	   each	   sample,	   the	   combustion	   process	   lasted	   2	   hr,	   as	   (in	   general)	   the	   obtained	   CO2	  
yield	   was	   then	   sufficient	   (>	   250	   mL).	   To	   obtain	   pure	   CO2	   for	   the	   measurements,	   the	  
combusted	  gas	   flow	   first	   passed	  different	   steps	   to	   remove	  water	   and	   contaminants	   like	  
oxidized	   nitrogen	   and	   sulfur	   components,	   using	   heated	   pure	   Ag	   (450	   ºC),	   (acidified)	  
KMnO4	  solution,	  and	  cryogen	  (dry	  ice/ethanol)	  water	  traps.	  Remaining	  NOx	  components	  in	  
the	   obtained	   CO2-­‐fraction	   were	   removed	   using	   pure	   Cu	   (at	   600	   ºC).	   All	   obtained	   CO2	  
samples	  were	  stored	  in	  vacuum-­‐pumped	  200-­‐	  or	  500-­‐mL	  cylinders.	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 3.2.4	  13C	  and	  14C	  measurement	  of	  CO2	  samples	  
For	  the	   isotope	  measurements	  a	  small	  aliquot	   (~	  5	  mL)	  of	  each	  obtained	  CO2	  sample	  
from	   the	   different	   biogas	   and	   natural	   gas	   samples	   was	   used.	   This	   CO2	   volume	   was	  
cryogenically	   trapped	   in	   a	   20-­‐mL	   flask.	   For	   the	   14C	   measurements	   of	   all	   biogas	   CO2	  
samples,	  the	  CO2	  was	  trapped	  in	  20-­‐mL	  flasks	  containing	  Sulfix	  (WAKO,	  8~20	  mesh).	  This	  
Sulfix	  removes	  sulfur-­‐containing	  compounds	  when	  heating	  the	  flasks	   in	  special	  ovens	  (at	  
200	   ºC)	   during	   one	   night.	   Without	   this	   pre-­‐treatment,	   the	   graphitization	   of	   these	   CO2	  
samples	  was	  not	  possible.	  	  
	  
The	  δ13C	  measurements	  of	  all	  CO2	   samples	  were	  performed	  with	  either	  a	  SIRA-­‐10	  or	  
OPTIMA	   IRMS.	   For	   the	   14C	   measurement	   with	   an	   AMS	   system,	   all	   CO2	   samples	   were	  
graphitized	   to	   approximately	   2	  mg	   graphite	   and	   pressed	   into	   aluminum	   targets	   (Aerts-­‐
Bijma	   et	   al.	   1997).	   The	   targets	   were	   measured	   on	   12,13,14C	   with	   the	   14C-­‐dedicated	   AMS	  
(High	   Voltage	   Europa	   Tandetron)	   of	   the	   Centre	   for	   Isotope	   Research	   laboratory	   in	  
Groningen	  (Wijma	  et	  al.	  1996;	  van	  der	  Plicht	  et	  al.	  2000).	  
	  
3.2.5	  Bio-­‐fossil	  CO2	  mixtures	  
Two	   different	   series	   of	   bio-­‐fossil	   CO2	   mixtures	   were	   made,	   with	   samples	   ranging	  
between	   0	   and	   100%	  bioC.	   In	   one	   series,	   the	  δ13C	   values	   of	   the	  mixed	   bioC	   and	   fossilC	  
were	  very	  different.	  In	  the	  other	  series,	  the	  δ13C	  values	  of	  both	  fractions	  were	  similar.	  To	  
make	   a	   bio-­‐fossil	   CO2	   mixture,	   CO2	   samples	   from	   both	   gases	   were	   expanded	   into	  
calibrated	   volumes,	   each	   at	   specific	   pressure.	   Both	   cryogenically	   trapped	   portions	  were	  
subsequently	  expanded	  and	  mixed	   in	   the	  evacuated	  system	  and,	   together,	   cryogenically	  
trapped	  and	  expanded	  once	  more	   to	  obtain	  a	  homogeneous	  mixture.	  The	  obtained	  bio-­‐
fossil	   CO2-­‐mixture	  was	   expanded	   into	   two	   20-­‐mL	   flasks.	   One	   flask	   contained	   Sulfix	   (see	  
above)	  and	  was	  used	  for	  the	  14C	  analysis	  of	  the	  mixture,	  while	  the	  other	  flask	  was	  used	  for	  














3.3	  Calculation	  methods	  
The	   calculation	   of	   the	   13C	   and	   14C	   values	   (δ13C	   and	   14Csample_measured)	   and	   the	   general	  
description	  of	  the	  calculation	  of	  the	  14C-­‐based	  biogenic	  carbon	  fraction	  as	  applied	  to	  the	  
gas	  samples	  of	  this	  study	  are	  described	  in	  chapter	  1.	  This	  section	  describes	  the	  calculation	  
methods	  that	  were	  used	  to	   investigate	  the	   isotope	  fractionation	  correction	  and	  quantify	  
related	  deviations	  in	  the	  biogenic	  carbon	  fraction.	  
	  
3.3.1	  Isotope	  fractionation	  correction	  
As	   already	   described	   in	  more	   detail	   in	   chapter	   1,	   the	   amount	   of	   14C	   in	   a	   sample	   is	  



















⋅100% 	   	   (3.1)	  
	  











	  in	   this	   equation	   corrects	   the	  measured	   14C	   amount	   for	   isotope	  
fractionation	  based	  on	  13C	  isotope	  ratio	  measurements	  to	  a	  normalized	  value,	  of	  -­‐0.025	  or	  
-­‐25‰	   (relative	   to	  VPDB),	  where,	  by	   convention,	  φ	   is	   2	   (although	  φ	   is	   somewhat	   smaller	  
than	  2)	  as	  shortly	  explained	  in	  Mook	  and	  van	  der	  Plicht	  (1999).	  	  
	  
In	  the	  normal,	  routine	  isotope	  fractionation	  correction	  of	  an	  AMS	  14C	  sample,	  the	  δ13C	  
value	  of	  the	  sample	  (δ 13Csample )	  is	  used	  as	  measured	  with	  the	  AMS	  (δ 13Csample = δ 13CAMS ).	  In	  
this	  routine	  correction,	  δ 13CAMS 	  is	  measured	   in	  the	  total	  carbon	  fraction	  of	  the	  sample.	   It	  
includes	  the	  δ13C	  contributions	  of	  the	  different	  carbon	  components	  in	  the	  sample	  and	  the	  
different	   fractionation	   effects	   ( α 13CX )	   during	   the	   sampling,	   pre-­‐treatment	   and	  
measurement	  processes	  of	   the	  whole	   sample.	   In	   the	   case	  of	   bio-­‐fossil	   carbon	  mixtures,	  
the	   measured	   δ 13CAMS 	  value	   thus	   also	   includes	   the	   fractionation	   contribution	   (with	  
α 13C = δ 13C +1 )	  to	  the	  14C-­‐free	  fossil	  carbon	  fraction:	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 3.2.4	  13C	  and	  14C	  measurement	  of	  CO2	  samples	  
For	  the	   isotope	  measurements	  a	  small	  aliquot	   (~	  5	  mL)	  of	  each	  obtained	  CO2	  sample	  
from	   the	   different	   biogas	   and	   natural	   gas	   samples	   was	   used.	   This	   CO2	   volume	   was	  
cryogenically	   trapped	   in	   a	   20-­‐mL	   flask.	   For	   the	   14C	   measurements	   of	   all	   biogas	   CO2	  
samples,	  the	  CO2	  was	  trapped	  in	  20-­‐mL	  flasks	  containing	  Sulfix	  (WAKO,	  8~20	  mesh).	  This	  
Sulfix	  removes	  sulfur-­‐containing	  compounds	  when	  heating	  the	  flasks	   in	  special	  ovens	  (at	  
200	   ºC)	   during	   one	   night.	   Without	   this	   pre-­‐treatment,	   the	   graphitization	   of	   these	   CO2	  
samples	  was	  not	  possible.	  	  
	  
The	  δ13C	  measurements	  of	  all	  CO2	   samples	  were	  performed	  with	  either	  a	  SIRA-­‐10	  or	  
OPTIMA	   IRMS.	   For	   the	   14C	   measurement	   with	   an	   AMS	   system,	   all	   CO2	   samples	   were	  
graphitized	   to	   approximately	   2	  mg	   graphite	   and	   pressed	   into	   aluminum	   targets	   (Aerts-­‐
Bijma	   et	   al.	   1997).	   The	   targets	   were	   measured	   on	   12,13,14C	   with	   the	   14C-­‐dedicated	   AMS	  
(High	   Voltage	   Europa	   Tandetron)	   of	   the	   Centre	   for	   Isotope	   Research	   laboratory	   in	  
Groningen	  (Wijma	  et	  al.	  1996;	  van	  der	  Plicht	  et	  al.	  2000).	  
	  
3.2.5	  Bio-­‐fossil	  CO2	  mixtures	  
Two	   different	   series	   of	   bio-­‐fossil	   CO2	   mixtures	   were	   made,	   with	   samples	   ranging	  
between	   0	   and	   100%	  bioC.	   In	   one	   series,	   the	  δ13C	   values	   of	   the	  mixed	   bioC	   and	   fossilC	  
were	  very	  different.	  In	  the	  other	  series,	  the	  δ13C	  values	  of	  both	  fractions	  were	  similar.	  To	  
make	   a	   bio-­‐fossil	   CO2	   mixture,	   CO2	   samples	   from	   both	   gases	   were	   expanded	   into	  
calibrated	   volumes,	   each	   at	   specific	   pressure.	   Both	   cryogenically	   trapped	   portions	  were	  
subsequently	  expanded	  and	  mixed	   in	   the	  evacuated	  system	  and,	   together,	   cryogenically	  
trapped	  and	  expanded	  once	  more	   to	  obtain	  a	  homogeneous	  mixture.	  The	  obtained	  bio-­‐
fossil	   CO2-­‐mixture	  was	   expanded	   into	   two	   20-­‐mL	   flasks.	   One	   flask	   contained	   Sulfix	   (see	  
above)	  and	  was	  used	  for	  the	  14C	  analysis	  of	  the	  mixture,	  while	  the	  other	  flask	  was	  used	  for	  














3.3	  Calculation	  methods	  
The	   calculation	   of	   the	   13C	   and	   14C	   values	   (δ13C	   and	   14Csample_measured)	   and	   the	   general	  
description	  of	  the	  calculation	  of	  the	  14C-­‐based	  biogenic	  carbon	  fraction	  as	  applied	  to	  the	  
gas	  samples	  of	  this	  study	  are	  described	  in	  chapter	  1.	  This	  section	  describes	  the	  calculation	  
methods	  that	  were	  used	  to	   investigate	  the	   isotope	  fractionation	  correction	  and	  quantify	  
related	  deviations	  in	  the	  biogenic	  carbon	  fraction.	  
	  
3.3.1	  Isotope	  fractionation	  correction	  
As	   already	   described	   in	  more	   detail	   in	   chapter	   1,	   the	   amount	   of	   14C	   in	   a	   sample	   is	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  in	   this	   equation	   corrects	   the	  measured	   14C	   amount	   for	   isotope	  
fractionation	  based	  on	  13C	  isotope	  ratio	  measurements	  to	  a	  normalized	  value,	  of	  -­‐0.025	  or	  
-­‐25‰	   (relative	   to	  VPDB),	  where,	  by	   convention,	  φ	   is	   2	   (although	  φ	   is	   somewhat	   smaller	  
than	  2)	  as	  shortly	  explained	  in	  Mook	  and	  van	  der	  Plicht	  (1999).	  	  
	  
In	  the	  normal,	  routine	  isotope	  fractionation	  correction	  of	  an	  AMS	  14C	  sample,	  the	  δ13C	  
value	  of	  the	  sample	  (δ 13Csample )	  is	  used	  as	  measured	  with	  the	  AMS	  (δ 13Csample = δ 13CAMS ).	  In	  
this	  routine	  correction,	  δ 13CAMS 	  is	  measured	   in	  the	  total	  carbon	  fraction	  of	  the	  sample.	   It	  
includes	  the	  δ13C	  contributions	  of	  the	  different	  carbon	  components	  in	  the	  sample	  and	  the	  
different	   fractionation	   effects	   ( α 13CX )	   during	   the	   sampling,	   pre-­‐treatment	   and	  
measurement	  processes	  of	   the	  whole	   sample.	   In	   the	   case	  of	   bio-­‐fossil	   carbon	  mixtures,	  
the	   measured	   δ 13CAMS 	  value	   thus	   also	   includes	   the	   fractionation	   contribution	   (with	  
α 13C = δ 13C +1 )	  to	  the	  14C-­‐free	  fossil	  carbon	  fraction:	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   (3.3)	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 For	  a	  correct	  isotope	  fractionation	  correction,	  the	  fractionation	  in	  the	  13C	  signal	  should	  
be	   representative	   for	   the	   fractionation	   in	   the	   14C	   signal.	   This	   is	   only	   the	   case	   if	   the	  
abundances	   of	   both	   13C	   and	   14C	   have	   changed	   (in	   a	   constant	   ratio)	   during	   the	   same	  
chemical	   and	   physical	   processes.	   In	   the	   case	   of	   bio-­‐fossil	   mixtures,	   the	   14C-­‐free	   fossil	  
carbon	  has	  a	  certain	  δ13C	  value	  before	  the	  mixing	  with	  the	  14C-­‐containing	  biogenic	  carbon.	  
This	   fossil	  δ13C	  value	   is	  not	  related	  to	  any	  fractionation	   in	  the	  14C	  of	  the	  mixed	  bio-­‐fossil	  
sample.	   Hence,	   the	   13C	   atoms	   of	   the	   fossil	   carbon	   fraction	   and	   the	   14C	   atoms	   of	   the	  
biogenic	  fraction	  have	  not	  followed	  the	  same	  fractionation	  pathways	  before	  the	  mixing	  of	  
both	  fractions.	  The	  fractionation	  factor	  of	  the	  fossilC	  fraction	  in	  a	  sample	  should	  therefore	  
be	   excluded	   in	   the	   fractionation	   correction.	   The	   sample	   should,	   in	   principle,	   only	   be	  
corrected	  based	  on	  the	  δ13C	  value	  that	  represents	  the	  fractionation	  in	  the	  bioC	  fraction	  of	  
the	  sample:	  δ 13CAMS _bioC 	  
	  
δ 13CAMS _bioC = 1+δ 13CbioC( ) ⋅α 13CX( )−1 	   	   	   	   (3.4)	  
	  
If	  the	  δ13C	  values	  of	  the	  bioC	  and	  fossilC	  fractions	  are	  not	  the	  same,	  then	  the	  use	  of	  the	  
routinely	   measured	   δ 13CAMS 	  value	   instead	   of	   δ 13CAMS _bioC 	  will	   introduce	   systematic	  
deviations	   in	   the	   calculation	   of	   14Csample_measured	   and	   fCbio .	   These	   deviations	   are	   likely	   to	  
occur	  in	  mixtures	  of	  biogas	  and	  natural	  gas,	  because	  these	  gases	  show,	  contrary	  to	  many	  
solid	  and	  liquid	  fuels	  (like	  wood,	  coal,	  ethanol),	  a	  wide	  range	  of	  δ13C	  values	  (as	  explained	  
in	  the	  Introduction	  of	  this	  chapter).	  
	  
The	   best	   way	   to	   avoid	   these	   systematic	   deviations	   would	   be	   to	   correct	   with	  
δ 13CAMS _bioC 	  instead	   of	   δ 13CAMS .	   However,	   δ 13CAMS _bioC 	  cannot	   be	   measured	   separately	  
from	  δ 13CAMS 	  in	   already	  mixed	   bio-­‐fossil	   samples.	   Approximation	   of	   this	   value	   based	   on	  
the	  13C	  measurement	  of	  the	  bioC	  fraction	  of	  the	  sample	  is	  for	  most	  mixtures	  not	  possible	  
either.	   The	   bioC	   fraction	   of	   bio-­‐fossil	   mixtures	   is	   usually	   not	   separately	   available	   for	  
measurement	   on	   its	   carbon	   isotope	   composition.	   The	   use	   of	  δ 13CAMS 	  and	   the	   related	  
introduction	  of	  a	  deviation	  in	   fCbio 	  are	  therefore	  inevitable	  for	  bio-­‐fossil	  gas	  mixtures.	  	  
	  
3.3.2	  Calculation	  of	  the	  deviation	  in	  the	  bioC	  fraction	  
The	   absolute	   deviation	   in	   the	   bioC	   fraction,	   fCbio ,	   due	   to	   the	   isotope	   fractionation	  
correction	  (using	  δ 13CAMS 	  instead	  of	  δ 13CAMS _bioC )	  was	  calculated	  as	  follows:	  
	  









































	   	   (3.7)	  
	  
If	   no	   fractionation	   correction	   is	   applied	   at	   all,	   the	   absolute	   deviation	   in	   the	   biogenic	  
carbon	  fraction	  is:	  
	  
abs. dev. in fCbio(nocorr ) = fCbio nocorr( ) − fCbio δ 13CAMS _bioC( ) 	   	   	   (3.8)	  
	  
With,	  





	   	   	   	   	   (3.9)	  
	  
This	   study	   calculates	   the	  deviations	  based	  on	   real	   13C	   and	   14C	  measurements	  of	   bio-­‐
fossil	  mixtures	  and	  based	  on	  different	  theoretical	  cases.	  When	  calculating	  the	  theoretical	  
cases,	   the	  δ13C	  value	  of	  each	  theoretical	  sample	   (with	  a	  certain	  biogenic	  carbon	  fraction	  
between	  0	  and	  100%)	  was	  determined	  based	  on	  the	  chosen	  δ13C	  values	  of	  the	  100%	  bioC	  
and	  100%	   fossilC	   fractions	  and	   the	  chosen	  bioC	   fraction	  of	   the	   sample.	   For	   these	  cases,	  
δ 13CAMS 	  is	  replaced	  by	  δ 13Cbio− fossil sample 	  and	  δ 13CAMS _bioC 	  by	  δ 13C100% bioC 	  in	  Equations	  3.5	  -­‐	  3.8.	  
To	   calculate	   fCbio δ 13CAMS _bioC( ) 	  (Equation	   3.7)	   for	   the	   real	   measurements,	   δ
13CAMS _bioC 	  
(Equation	  3.4)	  was	  approximated	  as	  follows,	  because	  it	  could	  not	  be	  measured	  directly	  in	  
the	  mixed	  bio-­‐fossil	  samples:	  	  
	  
















 For	  a	  correct	  isotope	  fractionation	  correction,	  the	  fractionation	  in	  the	  13C	  signal	  should	  
be	   representative	   for	   the	   fractionation	   in	   the	   14C	   signal.	   This	   is	   only	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   mixtures,	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  biogenic	  carbon.	  
This	   fossil	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  value	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  related	  to	  any	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  mixed	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   Hence,	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   of	   the	   fossil	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   and	   the	   14C	   atoms	   of	   the	  
biogenic	  fraction	  have	  not	  followed	  the	  same	  fractionation	  pathways	  before	  the	  mixing	  of	  
both	  fractions.	  The	  fractionation	  factor	  of	  the	  fossilC	  fraction	  in	  a	  sample	  should	  therefore	  
be	   excluded	   in	   the	   fractionation	   correction.	   The	   sample	   should,	   in	   principle,	   only	   be	  
corrected	  based	  on	  the	  δ13C	  value	  that	  represents	  the	  fractionation	  in	  the	  bioC	  fraction	  of	  
the	  sample:	  δ 13CAMS _bioC 	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   (3.4)	  
	  
If	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  fractions	  are	  not	  the	  same,	  then	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  will	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  because	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  show,	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  to	  many	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  (like	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  coal,	  ethanol),	  a	  wide	  range	  of	  δ13C	  values	  (as	  explained	  
in	  the	  Introduction	  of	  this	  chapter).	  
	  
The	   best	   way	   to	   avoid	   these	   systematic	   deviations	   would	   be	   to	   correct	   with	  
δ 13CAMS _bioC 	  instead	   of	   δ 13CAMS .	   However,	   δ 13CAMS _bioC 	  cannot	   be	   measured	   separately	  
from	  δ 13CAMS 	  in	   already	  mixed	   bio-­‐fossil	   samples.	   Approximation	   of	   this	   value	   based	   on	  
the	  13C	  measurement	  of	  the	  bioC	  fraction	  of	  the	  sample	  is	  for	  most	  mixtures	  not	  possible	  
either.	   The	   bioC	   fraction	   of	   bio-­‐fossil	   mixtures	   is	   usually	   not	   separately	   available	   for	  
measurement	   on	   its	   carbon	   isotope	   composition.	   The	   use	   of	  δ 13CAMS 	  and	   the	   related	  
introduction	  of	  a	  deviation	  in	   fCbio 	  are	  therefore	  inevitable	  for	  bio-­‐fossil	  gas	  mixtures.	  	  
	  
3.3.2	  Calculation	  of	  the	  deviation	  in	  the	  bioC	  fraction	  
The	   absolute	   deviation	   in	   the	   bioC	   fraction,	   fCbio ,	   due	   to	   the	   isotope	   fractionation	  
correction	  (using	  δ 13CAMS 	  instead	  of	  δ 13CAMS _bioC )	  was	  calculated	  as	  follows:	  
	  









































	   	   (3.7)	  
	  
If	   no	   fractionation	   correction	   is	   applied	   at	   all,	   the	   absolute	   deviation	   in	   the	   biogenic	  
carbon	  fraction	  is:	  
	  
abs. dev. in fCbio(nocorr ) = fCbio nocorr( ) − fCbio δ 13CAMS _bioC( ) 	   	   	   (3.8)	  
	  
With,	  





	   	   	   	   	   (3.9)	  
	  
This	   study	   calculates	   the	  deviations	  based	  on	   real	   13C	   and	   14C	  measurements	  of	   bio-­‐
fossil	  mixtures	  and	  based	  on	  different	  theoretical	  cases.	  When	  calculating	  the	  theoretical	  
cases,	   the	  δ13C	  value	  of	  each	  theoretical	  sample	   (with	  a	  certain	  biogenic	  carbon	  fraction	  
between	  0	  and	  100%)	  was	  determined	  based	  on	  the	  chosen	  δ13C	  values	  of	  the	  100%	  bioC	  
and	  100%	   fossilC	   fractions	  and	   the	  chosen	  bioC	   fraction	  of	   the	   sample.	   For	   these	  cases,	  
δ 13CAMS 	  is	  replaced	  by	  δ 13Cbio− fossil sample 	  and	  δ 13CAMS _bioC 	  by	  δ 13C100% bioC 	  in	  Equations	  3.5	  -­‐	  3.8.	  
To	   calculate	   fCbio δ 13CAMS _bioC( ) 	  (Equation	   3.7)	   for	   the	   real	   measurements,	   δ
13CAMS _bioC 	  
(Equation	  3.4)	  was	  approximated	  as	  follows,	  because	  it	  could	  not	  be	  measured	  directly	  in	  
the	  mixed	  bio-­‐fossil	  samples:	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   (3.10)	  
	  
With,	  	  




δ 13CIRMS _100%bioC = 1+δ 13CbioC( ) ⋅α 13Csampling_bioC ⋅α 13Cpretreatment _bioC( ) 	   	   (3.11)	  
	  
€ 
13δIRMS _100%bioC 	  is	   the	   δ
13C	   value	   of	   the	   separately	   available	   and	   measured	   bioC	   material	  
(that	   was	   used	   to	   make	   a	   bio-­‐fossil	   mixture).	   It	   represents	   the	   δ13C	   value	   of	   the	   bioC	  









13αAMS _measurement 	  represents	   the	   fractionation	   in	   each	   measured	   bio-­‐fossil	   mixture	  
after	   graphitization	   (which	   is	   minimal	   according	   to	   Aerts-­‐Bijma	   et	   al.	   1997)	   and	   AMS	  
measurement.	  δ 13CIRMS 	  is	   the	   δ
13C	   value	   of	   the	   bio-­‐fossil	   sample	   before	   it	   is	   graphitized	  
and	  δ 13CAMS 	  is	   the	   δ
























3.4	  Results	  and	  discussion	  
	  
This	   section	   first	   gives	   an	   overview	   of	   the	   origin	   and	   composition	   of	   the	   different	  
biogas	  and	  natural	   gas	   samples	   investigated	   in	   this	   study.	  The	   13C	   (IRMS)	  and	   14C	   (AMS)	  
measurement	   results	   are	   given	   for	   the	   separated	  CO2	   and	   (combusted)	   CH4-­‐fractions	   of	  
the	  eight	  biogas	  samples	  and	   for	   the	  measured	  CO2	  of	   the	   three	  combusted	  natural	  gas	  
samples.	   The	   measured	   carbon	   isotope	   values	   are	   discussed	   in	   detail	   and	   the	   results	  
compared	   with	   other	   studies.	   A	   new	   approach	   is	   then	   presented	   to	   determine	   the	   14C	  
reference	   values	   for	   different	   biogas	   samples.	   The	   implications	   of	   this	   approach	   are	  
considered	  for	  the	  accuracy	  of	  the	  bioC	  fraction	  calculation.	  Next,	  systematic	  deviations	  in	  
the	   calculated	   bioC	   fraction	   due	   to	   departures	   from	   the	   correct	   isotope	   fractionation	  
correction	  are	  presented	  and	  discussed.	  Finally,	  examples	  are	  given	  of	  possible	  errors	   in	  
the	  calculated	  bioC	  fraction	  due	  to	  the	  combination	  of	  different	  error	  sources.	  
	  
3.4.1	  Origin	  and	  composition	  of	  the	  investigated	  gases	  
The	   molecular	   compositions	   of	   the	   investigated	   gas	   samples,	   as	   analyzed	   after	  
sampling	   and	   prior	   to	   the	   gas	   pretreatment	   procedure,	   are	   shown	   in	   Table	   3.1.	   The	  
sample	   names	   give	   information	   about	   the	   origin	   or	   production	   source	   of	   the	   gases.	   All	  
biogas	  samples	  come	  from	  Dutch	  production	  plants.	  The	  biogas	  samples	  “Landfill_1”	  and	  
“Landfill_2”	  are	  from	  two	  different	  municipal	  solid	  waste	  landfill	  sites.	  “Organic	  waste”	  is	  
biogas	  from	  the	  digestion	  of	  the	  (wet)	  organic	  fraction	  of	  municipal	  waste.	  “Cookies_fish”	  
is	  biogas	  from	  the	  waste	  materials	  of	  two	  different	  food	  factories	  where	  cookies	  and	  fish-­‐
products	   are	   produced.	   “Mun.	   sewage	   sludge”	   is	   biogas	   from	  municipal	   sewage	   sludge.	  
“Manure_vegetables”	   has	   been	   produced	   from	   manure	   together	   with	   grass,	   maize,	  
vegetable	   fat	   and	   fried	   potatoes.	   The	   biogases	   Sugar	   beet	   and	  Manure_vegetables	   are	  
used	   in	   Combined	  Heat	   and	   Power	   stations	   (CHP).	   The	   other	   biogases	   are	   injected	   into	  
Dutch	  national	  distribution	  gas	  networks	  after	  pretreatment.	  The	  exact	  production	  sites	  of	  
the	  natural	  gas	  samples	  are	  classified	   (by	  DNV	  KEMA).	   ‘Norway	  gas’	   is	  a	  high-­‐caloric	  gas	  












δ 13CIRMS _100%bioC = 1+δ 13CbioC( ) ⋅α 13Csampling_bioC ⋅α 13Cpretreatment _bioC( ) 	   	   (3.11)	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   δ
13C	   value	   of	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   and	   measured	   bioC	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   represents	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13αAMS _measurement 	  represents	   the	   fractionation	   in	   each	   measured	   bio-­‐fossil	   mixture	  
after	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   according	   to	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   et	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   1997)	   and	   AMS	  
measurement.	  δ 13CIRMS 	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   the	   δ
13C	   value	   of	   the	   bio-­‐fossil	   sample	   before	   it	   is	   graphitized	  
and	  δ 13CAMS 	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   the	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3.4	  Results	  and	  discussion	  
	  
This	   section	   first	   gives	   an	   overview	   of	   the	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   and	   composition	   of	   the	   different	  
biogas	  and	  natural	   gas	   samples	   investigated	   in	   this	   study.	  The	   13C	   (IRMS)	  and	   14C	   (AMS)	  
measurement	   results	   are	   given	   for	   the	   separated	  CO2	   and	   (combusted)	   CH4-­‐fractions	   of	  
the	  eight	  biogas	  samples	  and	   for	   the	  measured	  CO2	  of	   the	   three	  combusted	  natural	  gas	  
samples.	   The	   measured	   carbon	   isotope	   values	   are	   discussed	   in	   detail	   and	   the	   results	  
compared	   with	   other	   studies.	   A	   new	   approach	   is	   then	   presented	   to	   determine	   the	   14C	  
reference	   values	   for	   different	   biogas	   samples.	   The	   implications	   of	   this	   approach	   are	  
considered	  for	  the	  accuracy	  of	  the	  bioC	  fraction	  calculation.	  Next,	  systematic	  deviations	  in	  
the	   calculated	   bioC	   fraction	   due	   to	   departures	   from	   the	   correct	   isotope	   fractionation	  
correction	  are	  presented	  and	  discussed.	  Finally,	  examples	  are	  given	  of	  possible	  errors	   in	  
the	  calculated	  bioC	  fraction	  due	  to	  the	  combination	  of	  different	  error	  sources.	  
	  
3.4.1	  Origin	  and	  composition	  of	  the	  investigated	  gases	  
The	   molecular	   compositions	   of	   the	   investigated	   gas	   samples,	   as	   analyzed	   after	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   and	   prior	   to	   the	   gas	   pretreatment	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   are	   shown	   in	   Table	   3.1.	   The	  
sample	   names	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   information	   about	   the	   origin	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   production	   source	   of	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  samples	  come	  from	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  production	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  The	  biogas	  samples	  “Landfill_1”	  and	  
“Landfill_2”	  are	  from	  two	  different	  municipal	  solid	  waste	  landfill	  sites.	  “Organic	  waste”	  is	  
biogas	  from	  the	  digestion	  of	  the	  (wet)	  organic	  fraction	  of	  municipal	  waste.	  “Cookies_fish”	  
is	  biogas	  from	  the	  waste	  materials	  of	  two	  different	  food	  factories	  where	  cookies	  and	  fish-­‐
products	   are	   produced.	   “Mun.	   sewage	   sludge”	   is	   biogas	   from	  municipal	   sewage	   sludge.	  
“Manure_vegetables”	   has	   been	   produced	   from	   manure	   together	   with	   grass,	   maize,	  
vegetable	   fat	   and	   fried	   potatoes.	   The	   biogases	   Sugar	   beet	   and	  Manure_vegetables	   are	  
used	   in	   Combined	  Heat	   and	   Power	   stations	   (CHP).	   The	   other	   biogases	   are	   injected	   into	  
Dutch	  national	  distribution	  gas	  networks	  after	  pretreatment.	  The	  exact	  production	  sites	  of	  
the	  natural	  gas	  samples	  are	  classified	   (by	  DNV	  KEMA).	   ‘Norway	  gas’	   is	  a	  high-­‐caloric	  gas	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 Table	  3.1.	  Main	  molecular	  composition	  (in	  mol%)	  of	  the	  investigated	  biogas	  samples	  and	  
natural	   gas	   samples	   prior	   to	   pretreatment	   in	   the	   laboratory	   (measurements	   by	   DNV	  
KEMA).	  





(N2,	  O2	  ,..)	  
(mol%)	  
Maize_onions	   56.27	   42.20	   0.02	   1.52	  
Landfill_1	   61.13	   32.12	   0.00	   6.75	  
Organic	  waste	   61.47	   38.35	   0.00	   0.18	  
Cookies_fish	   85.24	   11.96	   0.00	   2.81	  
Mun.	  sewage	  sludge	   89.49	   10.25	   0.00	   0.26	  
Landfill_2	   54.43	   30.47	   0.00	   15.10	  
Sugar	  beet	   87.75	   8.15	   0.00	   4.07	  
Manure_vegetables	  	   59.56	   35.75	   0.00	   4.70	  
Natural	  gas	   	   	   	   	  
Norway	  gas	   87.10	   2.06	   8.90	   1.95	  
North	  Sea	  gas	   85.07	   2.66	   4.93	   7.34	  
Groningen	  gas	   81.05	   1.02	   3.45	   14.48	  
	  
3.4.2	  13C	  and	  14C	  measurement	  results	  biogas	  and	  natural	  gas	  
The	  results	  of	  the	  13C	  and	  14C	  analyses	  for	  the	  combusted	  biogas-­‐CH4	  fractions	  and	  the	  
combusted	   natural	   gas	   samples	   are	   listed	   in	   Table	   3.2.	   Table	   3.3	   lists	   the	   13C	   and	   14C	  
analyses	  results	   for	  the	  CO2	  fraction	  of	  the	  (raw)	  biogas	  samples.	  The	  δ
13C	  values	  (in	  ‰;	  
with	   respect	   to	  VPDB)	  and	   the	   14Csample_measured	  (
14aN
S;	   expressed	   in	  pMC)	  were	   calculated	  
according	  to	  equations	  1.7	  and	  1.4	  respectively.	  
	  
The	  CO2-­‐fraction	  of	   the	  Mun.	  sewage	  sludge	  sample	  were	  not	  analyzed	  by	  
14C	  as	  the	  
(cryogenic)	  extraction	  yield	  of	  CO2	  from	  this	  biogas	  was	  too	  low	  for	  
14C	  analysis.	  The	  yield	  
was	  lower	  than	  expected	  based	  on	  the	  composition	  of	  the	  biogas.	  This	  was	  also	  the	  case	  
for	  the	  CO2-­‐yield	  of	  the	  combusted	  CH4	  fraction	  of	  this	  biogas	  sample.	  A	  clear	  reason	  for	  
this	  has	  not	  been	  found.	  The	  combustion	  of	  this	  gas	  contaminated	  the	  combustion	  system	  
severely.	  Contamination	  might	  also	  have	  played	  a	  role	  in	  the	  problematic	  extraction	  of	  the	  








Table	   3.2.	   Measured	   values	   for	   δ13C	   (IRMS)	   and	   14Csample_measured	   (AMS)	   of	   biogas	   CH4	  
fractions	  and	  natural	  gas	  samples	  after	  combustion	  to	  CO2.	  
Biogas	  CH4	  fraction	   δ
13C	  (‰)	   14Csample_measured	  (pMC)	  
Maize_onions	   -­‐55.58	   102.6	  
Landfill_1	   -­‐61.24	   104.0	  
Organic	  waste	   -­‐52.04	   104.5	  
Cookies_fish	   -­‐53.64	   104.3	  
Mun.	  sewage	  sludge	   -­‐28.55	   105.1	  
Landfill_2	   -­‐56.25	   116.1	  
Sugar	  beet	   -­‐39.20	   102.3	  
Manure_vegetables	  	   -­‐48.43	   103.4	  
Natural	  gas	   	   	  
Norway	  gas	   -­‐39.86	   0.18	  
North	  Sea	  gas	   -­‐29.81	   0.10	  
Groningen	  gas	   -­‐28.38	   0.05	  
	  
Table	  3.3.	  Measured	  values	  for	  δ13C	  (IRMS)	  and	  14Csample_measured	  (AMS)	  of	  the	  CO2	  fraction	  
of	  raw	  biogas	  samples.	  
Biogas	  CO2	  fraction	   δ
13C	  (‰)	   14Csample_measured	  (pMC)	  
Maize_onions	   26.57	   102.3	  
Landfill_1	   14.96	   104.2	  
Organic	  waste	   3.14	   104.1	  
Cookies_fish	   30.45	   104.2	  
Mun.	  sewage	  sludge	   11.72	   -­‐	  
Landfill_2	   6.58	   115.8	  
Sugar	  beet	   -­‐5.55	   101.8	  
Manure_vegetables	  	   8.05	   102.8	  
	  
The	  absolute	  measurement	  errors	   (1σ)	  are	  ±	  0.03‰	  for	  all	  δ13C	  values	  (IRMS),	  ±	  0.3-­‐
0.5%	   for	   the	   14Csample_measured	   values	   of	   the	   biogas	   samples	   and	   ±	   0.10%	   for	   the	  
14Csample_measured	  values	  of	  the	  natural	  gas	  samples.	  By	  performing	  multiple	  combustions	  for	  
two	   of	   the	   natural	   gases	   (Norway	   gas	   and	   Groningen	   gas)	   the	   reproducibility	   of	   the	  
applied	   combustion	  method	  was	   checked.	  All	   individual	   results	   (for	  both	   13C	  and	   14C)	  of	  
these	   multiple	   series	   correspond	   within	   2	   times	   the	   given	   measurement	   error.	   The	  
(average)	   14Csample_measured	  value	   of	   the	   Norway	   gas	   is	   relatively	   high	   for	   a	   fossil	   gas	   that	  
contains	  in	  principle	  no	  14C.	  Although	  the	  Norway	  gas	  value	  is	  still	  at	  background	  level,	  the	  
possibility	  of	  contamination	  of	  the	  samples	  prior	  (mixed	  with	  biogas?)	  or	  during	  sampling	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  and	  natural	  gas	  samples	  after	  combustion	  to	  CO2.	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  CH4	  fraction	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  (‰)	   14Csample_measured	  (pMC)	  
Maize_onions	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   104.0	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  waste	   -­‐52.04	   104.5	  
Cookies_fish	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   104.3	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Sugar	  beet	   -­‐39.20	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   -­‐48.43	   103.4	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  gas	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  gas	   -­‐39.86	   0.18	  
North	  Sea	  gas	   -­‐29.81	   0.10	  
Groningen	  gas	   -­‐28.38	   0.05	  
	  
Table	  3.3.	  Measured	  values	  for	  δ13C	  (IRMS)	  and	  14Csample_measured	  (AMS)	  of	  the	  CO2	  fraction	  
of	  raw	  biogas	  samples.	  
Biogas	  CO2	  fraction	   δ
13C	  (‰)	   14Csample_measured	  (pMC)	  
Maize_onions	   26.57	   102.3	  
Landfill_1	   14.96	   104.2	  
Organic	  waste	   3.14	   104.1	  
Cookies_fish	   30.45	   104.2	  
Mun.	  sewage	  sludge	   11.72	   -­‐	  
Landfill_2	   6.58	   115.8	  
Sugar	  beet	   -­‐5.55	   101.8	  
Manure_vegetables	  	   8.05	   102.8	  
	  
The	  absolute	  measurement	  errors	   (1σ)	  are	  ±	  0.03‰	  for	  all	  δ13C	  values	  (IRMS),	  ±	  0.3-­‐
0.5%	   for	   the	   14Csample_measured	   values	   of	   the	   biogas	   samples	   and	   ±	   0.10%	   for	   the	  
14Csample_measured	  values	  of	  the	  natural	  gas	  samples.	  By	  performing	  multiple	  combustions	  for	  
two	   of	   the	   natural	   gases	   (Norway	   gas	   and	   Groningen	   gas)	   the	   reproducibility	   of	   the	  
applied	   combustion	  method	  was	   checked.	  All	   individual	   results	   (for	  both	   13C	  and	   14C)	  of	  
these	   multiple	   series	   correspond	   within	   2	   times	   the	   given	   measurement	   error.	   The	  
(average)	   14Csample_measured	  value	   of	   the	   Norway	   gas	   is	   relatively	   high	   for	   a	   fossil	   gas	   that	  
contains	  in	  principle	  no	  14C.	  Although	  the	  Norway	  gas	  value	  is	  still	  at	  background	  level,	  the	  
possibility	  of	  contamination	  of	  the	  samples	  prior	  (mixed	  with	  biogas?)	  or	  during	  sampling	  
cannot	  be	  excluded.	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 3.4.3	  δ13C	  values	  
The	  δ13C	  values	  of	   the	  combusted	  CH4	   fractions	   (Table	  3.2)	  of	   seven	  different	  biogas	  
samples	  vary	  between	  -­‐39.2‰	  and	  -­‐61.3‰.	  This	  is	  comparable	  to	  the	  results	  of	  studies	  by	  
Laukenmann	  et	  al.	   (2010)	  and	  Levin	  et	  al.	   (2003),	  who	  showed	  δ13C	  values	  between	   -­‐50	  
and	  -­‐70‰	  for	  biogas	  methane	  from	  relatively	  similar	  digestion	  processes.	  The	  δ13C	  value	  
of	   -­‐28.6‰	   for	   Mun.	   sewage	   sludge	   is	   relatively	   high	   compared	   to	   that	   of	   the	   other	  
investigated	  biogas	  samples.	  
	  
The	   observed	   variation	   between	   the	   biogas	   samples	   is	   mainly	   related	   to	   the	  
differences	  in	  the	  anaerobic	  digestion	  processes	  of	  the	  biogas	  production	  plants.	  The	  CH4	  
in	   all	   investigated	   biogas	   samples	   has	   been	   produced	   by	   anaerobic	   digestion	   of	   the	  
organic	   input	  materials	   by	   specific	  microorganisms	   (like	   ‘methanogens’;	   for	   landfill	   and	  
sewage	  sludge	  also	  other	  groups	  are	  involved).	  The	  main	  biogas	  CH4	  formation	  pathways	  
are	  the	  production	  of	  methane	  from	  acetate	  by	  acetotrophic	  methanogens	  and	  from	  CO2-­‐
reduction	   by	   hydrogenotrophic	   methanogens.	   Methane	   obtained	   from	   acetate	  
fermentation	  shows	  less-­‐depleted	  δ13C	  values	  than	  methane	  obtained	  from	  CO2-­‐reduction	  
(Whiticar	   et	   al.	   1986;	   Krzycki	   et	   al.	   1987;	   Conrad	   2005).	   This	   might	   explain	   the	   less-­‐
negative	  δ13C	  value	  of	  municipal	  sewage	  sludge	  CH4	  (Krzycki	  et	  al.	  1987).	  Which	  pathways	  
occur	  or	  dominate	   the	  digestion	  process	   (and	   the	   isotope	   fractionation),	  depend	  on	   the	  
type	  and	  number	  of	  microorganisms	  available	  in	  the	  process	  and	  on	  the	  parameters	  that	  
influence	   these	  microorganisms	   and	   their	   ability	   to	   digest	   the	   organic	  material,	   like	   the	  
composition	   of	   the	   organic	  material	   and	   the	   fermentation	   temperature	   (Conrad	   2005).	  
Methane	   from	   landfill	   gas	   has	   been	   isotopically	   analysed	   in	   many	   different	   studies	  
(Bergamaschi	   et	   al.	   1998,	   Carbral	   et	   al.	   2010;	   Zyakun	   et	   al.	   2010)	   and	   its	   δ13C	   varies	  
between	  -­‐30‰	  and	  -­‐60‰	  and	  is	  often	  <	  -­‐45‰,	  comparable	  to	  the	  measured	  values	  in	  this	  
study	  (-­‐61.3‰	  for	  Landfill_1	  and	  -­‐56.3‰	  for	  Landfill_2).	  The	  variation	  between	  different	  
landfill	   gas	   samples	   is,	   beside	   the	   variations	   in	   production	   processes,	   also	   due	   to	  
differences	  in	  oxidation	  rate	  in	  time	  and	  depth.	  	  
	  
The	   investigated	  CO2	   fractions	  of	   the	  biogas	   samples	   show	  enriched	  δ
13C	  values	   that	  
vary	  between	  -­‐5.6‰	  for	  Sugar	  beet	  and	  +30.5‰	  for	  the	  Cookies_fish	  biogas	  sample.	  The	  
enrichment	  of	   the	  CO2	   is	   related	   to	   the	   formation	  process	   of	   the	  depleted	  CH4	   (Conrad	  
2005)	   and	   has	   been	  measured	   in	   other	   studies	   as	  well	   (Rosenfeld	   and	   Silverman	   1959;	  
Levin	  et	  al.	  1993;	  Laukenmann	  et	  al.	  2010,	  Zyakun	  et	  al.	  2010).	  
	  
The	   overall	   δ13C	   value	   of	   the	   biogas	   samples	   based	   on	   the	   combined	   CH4	   and	   CO2	  
fractions	   in	   these	   samples	   δ 13Cbiogas ≅ δ 13CCH4 ⋅ fCCH4 +δ
13CCO2 ⋅ fCCO2( ) ,	   varies	   for	   the	  
investigated	  biogas	  samples	  between	  -­‐20‰	  (Maize_onions)	  and	  -­‐43‰	  (Cookies_fish).	  This	  
 
is	   most	   likely	   related	   to	   the	   variation	   in	   δ13C	   values	   of	   the	   different	   materials	  
(‘ingredients’)	   used	   in	   the	   biogas	   production	   process	   (C3-­‐	   and	   C4-­‐plants,	   different	  
production	  processes	  of	  the	  biomass	  based	  materials).	  
	  
The	  δ13C	  values	  of	  the	  investigated	  natural	  gases	  vary	  between	  -­‐28‰	  and	  -­‐40‰.	  The	  
variation	   is	   small	   compared	   to	   the	   large	   range	  of	  δ13C	   values	  between	   -­‐25‰	  and	   -­‐80‰	  
measured	   in	   natural	   gas	   samples	   at	   different	   sites	   (Schoell	   1980;	   Milkov	   2005).	   The	  
variation	   in	  δ13C	   values	   of	   natural	   gas	   samples	   is	   due	   to	   the	   different	   and	   very	   variable	  
formation	  processes	  of	  the	  gases	  (Fuex	  1977).	  The	  measured	  δ13C	  value	  of	  the	  Groningen	  
gas	  (-­‐28.4‰)	  is	  close	  to	  the	  -­‐29.0‰	  shown	  in	  Hut	  et	  al.	  (1984)	  for	  Groningen	  natural	  gas	  
sampled	  at	  A.F.	  Tjuchem	  in	  the	  Netherlands.	  
	  
3.4.4	  14C	  values	  of	  biogas	  
The	  14Csample_measured	  values	  of	   the	  carbon	  components	   (CH4,	  CO2)	   in	  biogas	  are	  mainly	  
determined	  by	  where	  and	  when	  the	  specific	  carbon	  was	  taken	  up	  as	  atmospheric	  CO2	  by	  
plant	  photosynthesis.	  Over	   the	   last	  60	  year,	   the	   14Csample	  values	  of	  atmospheric	  CO2,	  and	  
thus	   the	   14Csample	   values	   of	   organic	   material,	   have	   shown	   large	   temporal	   and	   spatial	  
variations	   (the	   maximum	   value	   reached	   in	   1964	   is	   ~90	   pmC	   higher	   than	   today’s	  
atmosphere).	  Hua	  et	  al.	   (2013)	  made	  an	  overview	  of	  (average)	  atmospheric	  14CO2	  values	  
on	   a	   global	   scale	   in	   the	   period	   1950-­‐2010.	   Fellner	   and	   Rechberger	   (2009)	   have	  
investigated	   the	   variation	   in	   14Csample	   values	   for	   the	   different	   components	   in	   waste	   and	  
solid	   recovered	   fuel	   (SRF)	   (like	   wood,	   paper,	   plastics,	   vegetables).	   In	   their	   study	   the	  
14Csample	   values	   range	   between	   98	   and	   135	   pmC,	   depending	   on	   the	   type	   and	  mixture	   of	  
organic	  materials.	  The	  14Csample	  values	  of	  seven	  of	  the	  biogas	  samples	   investigated	   in	  this	  
study	   (CO2	   and	   combusted	   CH4	   fractions),	   range	   between	   102	   and	   105	   pmC,	  while	   one	  
biogas	  sample	  (Landfill_2)	  is	  considerably	  higher,	  at	  116	  pmC.	  	  
	  
Figure	  3.1	  shows	  where	  the	  14Csample	  values	  of	  the	  investigated	  biogas	  samples	  (results	  
of	  the	  combusted	  CH4	  fraction),	  can	  be	  found	  on	  the	  timeline	  of	  annual	  average	  monthly	  
mean	   atmospheric	   14Csample_measured	   values	   (average	   April-­‐October)	   of	   CO2	   measured	   at	  
Dutch	   monitoring	   stations	   Smilde	   (1987-­‐2003)	   and	   Lutjewad	   (2003-­‐2011).	   It	   gives	   an	  
impression	  of	  the	  average	  year	  of	  atmospheric	  14CO2	  sampling	  by	  plants,	  and	  thus	  for	  the	  
carbon	   of	   the	   organic	   materials	   that	   was	   used	   in	   the	   production	   of	   the	   investigated	  
biogas.	  As	  all	  investigated	  biogas	  samples	  were	  produced	  in	  the	  Netherlands,	  it	  is	  assumed	  
that	  the	  products	  originate	  from	  plants	  that	  have	  grown	   in	  the	  Netherlands	  as	  well.	  The	  
(rural)	  Dutch	  monitoring	  sites	  are	  therefore	  assumed	  to	  be	  representative	  for	  the	  sites	  of	  




 3.4.3	  δ13C	  values	  
The	  δ13C	  values	  of	   the	  combusted	  CH4	   fractions	   (Table	  3.2)	  of	   seven	  different	  biogas	  
samples	  vary	  between	  -­‐39.2‰	  and	  -­‐61.3‰.	  This	  is	  comparable	  to	  the	  results	  of	  studies	  by	  
Laukenmann	  et	  al.	   (2010)	  and	  Levin	  et	  al.	   (2003),	  who	  showed	  δ13C	  values	  between	   -­‐50	  
and	  -­‐70‰	  for	  biogas	  methane	  from	  relatively	  similar	  digestion	  processes.	  The	  δ13C	  value	  
of	   -­‐28.6‰	   for	   Mun.	   sewage	   sludge	   is	   relatively	   high	   compared	   to	   that	   of	   the	   other	  
investigated	  biogas	  samples.	  
	  
The	   observed	   variation	   between	   the	   biogas	   samples	   is	   mainly	   related	   to	   the	  
differences	  in	  the	  anaerobic	  digestion	  processes	  of	  the	  biogas	  production	  plants.	  The	  CH4	  
in	   all	   investigated	   biogas	   samples	   has	   been	   produced	   by	   anaerobic	   digestion	   of	   the	  
organic	   input	  materials	   by	   specific	   microorganisms	   (like	   ‘methanogens’;	   for	   landfill	   and	  
sewage	  sludge	  also	  other	  groups	  are	  involved).	  The	  main	  biogas	  CH4	  formation	  pathways	  
are	  the	  production	  of	  methane	  from	  acetate	  by	  acetotrophic	  methanogens	  and	  from	  CO2-­‐
reduction	   by	   hydrogenotrophic	   methanogens.	   Methane	   obtained	   from	   acetate	  
fermentation	  shows	  less-­‐depleted	  δ13C	  values	  than	  methane	  obtained	  from	  CO2-­‐reduction	  
(Whiticar	   et	   al.	   1986;	   Krzycki	   et	   al.	   1987;	   Conrad	   2005).	   This	   might	   explain	   the	   less-­‐
negative	  δ13C	  value	  of	  municipal	  sewage	  sludge	  CH4	  (Krzycki	  et	  al.	  1987).	  Which	  pathways	  
occur	  or	  dominate	   the	  digestion	  process	   (and	   the	   isotope	   fractionation),	  depend	  on	   the	  
type	  and	  number	  of	  microorganisms	  available	  in	  the	  process	  and	  on	  the	  parameters	  that	  
influence	   these	  microorganisms	   and	   their	   ability	   to	   digest	   the	   organic	  material,	   like	   the	  
composition	   of	   the	   organic	  material	   and	   the	   fermentation	   temperature	   (Conrad	   2005).	  
Methane	   from	   landfill	   gas	   has	   been	   isotopically	   analysed	   in	   many	   different	   studies	  
(Bergamaschi	   et	   al.	   1998,	   Carbral	   et	   al.	   2010;	   Zyakun	   et	   al.	   2010)	   and	   its	   δ13C	   varies	  
between	  -­‐30‰	  and	  -­‐60‰	  and	  is	  often	  <	  -­‐45‰,	  comparable	  to	  the	  measured	  values	  in	  this	  
study	  (-­‐61.3‰	  for	  Landfill_1	  and	  -­‐56.3‰	  for	  Landfill_2).	  The	  variation	  between	  different	  
landfill	   gas	   samples	   is,	   beside	   the	   variations	   in	   production	   processes,	   also	   due	   to	  
differences	  in	  oxidation	  rate	  in	  time	  and	  depth.	  	  
	  
The	   investigated	  CO2	   fractions	  of	   the	  biogas	   samples	   show	  enriched	  δ
13C	  values	   that	  
vary	  between	  -­‐5.6‰	  for	  Sugar	  beet	  and	  +30.5‰	  for	  the	  Cookies_fish	  biogas	  sample.	  The	  
enrichment	  of	   the	  CO2	   is	   related	   to	   the	   formation	  process	   of	   the	  depleted	  CH4	   (Conrad	  
2005)	   and	   has	   been	  measured	   in	   other	   studies	   as	  well	   (Rosenfeld	   and	   Silverman	   1959;	  
Levin	  et	  al.	  1993;	  Laukenmann	  et	  al.	  2010,	  Zyakun	  et	  al.	  2010).	  
	  
The	   overall	   δ13C	   value	   of	   the	   biogas	   samples	   based	   on	   the	   combined	   CH4	   and	   CO2	  
fractions	   in	   these	   samples	   δ 13Cbiogas ≅ δ 13CCH4 ⋅ fCCH4 +δ
13CCO2 ⋅ fCCO2( ) ,	   varies	   for	   the	  
investigated	  biogas	  samples	  between	  -­‐20‰	  (Maize_onions)	  and	  -­‐43‰	  (Cookies_fish).	  This	  
 
is	   most	   likely	   related	   to	   the	   variation	   in	   δ13C	   values	   of	   the	   different	   materials	  
(‘ingredients’)	   used	   in	   the	   biogas	   production	   process	   (C3-­‐	   and	   C4-­‐plants,	   different	  
production	  processes	  of	  the	  biomass	  based	  materials).	  
	  
The	  δ13C	  values	  of	  the	  investigated	  natural	  gases	  vary	  between	  -­‐28‰	  and	  -­‐40‰.	  The	  
variation	   is	   small	   compared	   to	   the	   large	   range	  of	  δ13C	   values	  between	   -­‐25‰	  and	   -­‐80‰	  
measured	   in	   natural	   gas	   samples	   at	   different	   sites	   (Schoell	   1980;	   Milkov	   2005).	   The	  
variation	   in	  δ13C	   values	   of	   natural	   gas	   samples	   is	   due	   to	   the	   different	   and	   very	   variable	  
formation	  processes	  of	  the	  gases	  (Fuex	  1977).	  The	  measured	  δ13C	  value	  of	  the	  Groningen	  
gas	  (-­‐28.4‰)	  is	  close	  to	  the	  -­‐29.0‰	  shown	  in	  Hut	  et	  al.	  (1984)	  for	  Groningen	  natural	  gas	  
sampled	  at	  A.F.	  Tjuchem	  in	  the	  Netherlands.	  
	  
3.4.4	  14C	  values	  of	  biogas	  
The	  14Csample_measured	  values	  of	   the	  carbon	  components	   (CH4,	  CO2)	   in	  biogas	  are	  mainly	  
determined	  by	  where	  and	  when	  the	  specific	  carbon	  was	  taken	  up	  as	  atmospheric	  CO2	  by	  
plant	  photosynthesis.	  Over	   the	   last	  60	  year,	   the	   14Csample	  values	  of	  atmospheric	  CO2,	  and	  
thus	   the	   14Csample	   values	   of	   organic	   material,	   have	   shown	   large	   temporal	   and	   spatial	  
variations	   (the	   maximum	   value	   reached	   in	   1964	   is	   ~90	   pmC	   higher	   than	   today’s	  
atmosphere).	  Hua	  et	  al.	   (2013)	  made	  an	  overview	  of	  (average)	  atmospheric	  14CO2	  values	  
on	   a	   global	   scale	   in	   the	   period	   1950-­‐2010.	   Fellner	   and	   Rechberger	   (2009)	   have	  
investigated	   the	   variation	   in	   14Csample	   values	   for	   the	   different	   components	   in	   waste	   and	  
solid	   recovered	   fuel	   (SRF)	   (like	   wood,	   paper,	   plastics,	   vegetables).	   In	   their	   study	   the	  
14Csample	   values	   range	   between	   98	   and	   135	   pmC,	   depending	   on	   the	   type	   and	  mixture	   of	  
organic	  materials.	  The	  14Csample	  values	  of	  seven	  of	  the	  biogas	  samples	   investigated	   in	  this	  
study	   (CO2	   and	   combusted	   CH4	   fractions),	   range	   between	   102	   and	   105	   pmC,	  while	   one	  
biogas	  sample	  (Landfill_2)	  is	  considerably	  higher,	  at	  116	  pmC.	  	  
	  
Figure	  3.1	  shows	  where	  the	  14Csample	  values	  of	  the	  investigated	  biogas	  samples	  (results	  
of	  the	  combusted	  CH4	  fraction),	  can	  be	  found	  on	  the	  timeline	  of	  annual	  average	  monthly	  
mean	   atmospheric	   14Csample_measured	   values	   (average	   April-­‐October)	   of	   CO2	   measured	   at	  
Dutch	   monitoring	   stations	   Smilde	   (1987-­‐2003)	   and	   Lutjewad	   (2003-­‐2011).	   It	   gives	   an	  
impression	  of	  the	  average	  year	  of	  atmospheric	  14CO2	  sampling	  by	  plants,	  and	  thus	  for	  the	  
carbon	   of	   the	   organic	   materials	   that	   was	   used	   in	   the	   production	   of	   the	   investigated	  
biogas.	  As	  all	  investigated	  biogas	  samples	  were	  produced	  in	  the	  Netherlands,	  it	  is	  assumed	  
that	  the	  products	  originate	  from	  plants	  that	  have	  grown	   in	  the	  Netherlands	  as	  well.	  The	  
(rural)	  Dutch	  monitoring	  sites	  are	  therefore	  assumed	  to	  be	  representative	  for	  the	  sites	  of	  
plant	  growth.	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 For	  biogas	  sample	  Sugar	  beet	  it	  was	  known	  that	  it	  was	  produced	  from	  sugar	  beets	  that	  
were	  grown,	  harvested	  and	  digested	  in	  2011	  in	  the	  Netherlands.	  This	  is	  confirmed	  by	  the	  
data	   in	   Figure	   3.1	   in	   which	   the	   14Csample	   value	   of	   this	   biogas	   sample	   is	   the	   same	   as	   the	  
average	  value	  measured	  in	  Dutch	  atmospheric	  air	  in	  2011.	  For	  the	  other	  biogas	  samples,	  it	  
is	   expected	   that	   digested	   vegetables	   will	   in	   general	   have	   14CO2	   sampling	   (and	   harvest)	  
years,	  which	  are	   close	   to	   the	  year	  of	  digestion	  as	   they	  are	  usually	  not	   stored	   for	  a	   long	  
time.	   This	   seems	   to	   be	   the	   case	   for	   the	   Maize_onions	   sample	   and	   also	   for	  
Manure_vegetables,	   although	   the	   latter	   also	   matches	   the	   atmospheric	   2008	   value.	  
Manure	   carbon	   could	   have	   been	   from	   earlier	   years	   than	   the	   digested	   vegetables.	   For	  
municipal	   sewage	   sludge	   and	   digested	   food	   products	   (like	   cookies),	   the	   average	   14CO2-­‐
sampling	  (and	  harvest)	  year	  deviates	  a	   few	  years	   from	  the	  year	  of	  digestion	  (2011).	  This	  
can	  be	  expected,	  because	  the	  organic	  material	   is	  not	  directly	  digested	  after	  harvest,	  but	  
has	  first	  been	  used	  in	  other	  processes	  during	  a	  certain	  time	  period.	  An	  example	  of	   long-­‐
term	   storage	   (decades)	   of	   atmospheric	   carbon	   is	   wood-­‐based	   material.	   In	   the	   case	   of	  
biogas	  this	  long-­‐term	  storage	  can	  be	  found	  in	  organic	  material	  stored	  and	  ‘digested’	  at	  old	  
landfill	  sites,	  as	  the	  result	  of	  Landfill_2	  shows	  (116	  pmC;	  average	  atmospheric	  carbon	  year	  
is	   1988).	   The	   storage	   effect	   of	   wood-­‐based	   plants	   can	   also	   to	   some	   extent	   be	   seen	   at	  
landfill	   sites	   that	   are	   still	   in	   use	   (Landfill_1)	   and	   in	   organic	   waste,	   which	   both	   contain	  
municipal	  organic	  waste	  fractions	  that	  have	  been	  recently	  dumped.	  
	  
In	   the	   calculation	   of	   14Csample_measured	   (eq.	   1.4)	   the	   year	   of	   harvest	   of	   the	   biogenic	  
organic	  material,	  tS,	  is	  needed	  as	  well	  if	  the	  decay	  correction	  needs	  to	  be	  applied.	  If	  biogas	  
or	  bio-­‐fossil	  gas	  mixtures	  need	  to	  be	  verified	  and	  the	  average	  harvest	  year	  is	  not	  known,	  
then	  the	  year	  of	  digestion	  should	  be	  used	  instead.	  Fortunately,	  this	  decay	  correction	  term	  
varies	   very	   little	   per	   year	   and	   the	   calculated	   14Csample_measured	   deviates	   only	   0.01%	  
(relatively)	  with	  every	  year	  of	  difference	  between	  the	  year	  of	  digestion	  and	  the	  average	  
harvest	  year.	  For	  the	  investigated	  biogas	  samples	  of	  this	  study	  with	  unknown	  harvest	  year	  
the	  year	  of	  digestion:	  2011,	  was	  used	  for	  tS.	  For	  the	  Sugar	  beet	  samples	  it	  was	  known	  that	  
the	  harvest	  year	  was	  2011.	  If	  the	  harvest	  years	  for	  the	  “unknown”	  samples	  are	  estimated	  
based	  on	  Figure	  3.1,	  the	  use	  of	  2011	  instead	  of	  the	  “real”	  harvest	  year	  gives	  deviations	  of	  
<0.05	  pmC	  for	  most	  of	  the	  biogas	  samples.	  Only	  for	  Landfill_2,	  for	  which	  harvest	  year	  (or	  
“average	   year	   of	   growth”)	   1988	   seems	   to	   be	   a	   good	   estimate,	   14Csample_measured	   would	  
increase	  distinctively	  by	  0.3	  pmC	  (from	  116.1	  to	  116.4	  pmC)	  if	  1988	  had	  been	  used	  for	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Figure	  3.1.	  Comparison	  between	  14Csample_measured	  values	  (pmC)	  of	  different	  biogas	  samples	  
and	  average	  atmospheric	  14Csample_measured	  values	  (pmC)	  for	  the	  period	  1987-­‐2011.	  The	  
atmospheric	  14CO2	  values	  have	  been	  measured	  at	  Dutch	  monitoring	  stations	  Smilde	  (1987-­‐
2002;	  published	  before	  in	  Meijer	  et	  al.	  1994	  and	  Palstra	  et	  al.	  2008)	  and	  Lutjewad	  (2004-­‐
2011)	  by	  the	  University	  of	  Groningen.	  The	  biogas	  results	  are	  from	  combusted	  CH4-­‐
fractions.	  The	  plotted	  annual	  atmospheric	  14Csample_measured	  values	  are	  average	  values	  from	  
monthly	  mean	  14CO2	  values	  of	  the	  months	  April	  –	  October.	  The	  period	  in	  which	  plants	  take	  
up	  atmospheric	  CO2	  is	  typically	  within	  this	  period.	  	  
	  
The	   14Csample_measured	   values	   of	   the	   separately	   measured	   CO2-­‐fraction	   and	   combusted	  
CH4-­‐fraction	  of	  biogas	  samples	  agree	  for	  all	  investigated	  biogas	  samples	  within	  two	  times	  
the	  measurement	  error.	  This	   is	  also	  expected,	  as	  both	  fractions	  originate	  from	  the	  same	  
digested	  organic	  materials.	  In	  cases	  of	  fraud-­‐investigation	  to	  identify	  whether	  biomethane	  
is	  100%	  biogenic,	  the	  measurement	  of	  the	  CO2	  fraction	  could	  therefore	  act	  as	  an	  internal	  
reference	  (comparison	  with	  the	  14Csample_measured	  value	  of	  the	  combusted	  CH4	  fraction).	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 For	  biogas	  sample	  Sugar	  beet	  it	  was	  known	  that	  it	  was	  produced	  from	  sugar	  beets	  that	  
were	  grown,	  harvested	  and	  digested	  in	  2011	  in	  the	  Netherlands.	  This	  is	  confirmed	  by	  the	  
data	   in	   Figure	   3.1	   in	   which	   the	   14Csample	   value	   of	   this	   biogas	   sample	   is	   the	   same	   as	   the	  
average	  value	  measured	  in	  Dutch	  atmospheric	  air	  in	  2011.	  For	  the	  other	  biogas	  samples,	  it	  
is	   expected	   that	   digested	   vegetables	   will	   in	   general	   have	   14CO2	   sampling	   (and	   harvest)	  
years,	  which	  are	   close	   to	   the	  year	  of	  digestion	  as	   they	  are	  usually	  not	   stored	   for	  a	   long	  
time.	   This	   seems	   to	   be	   the	   case	   for	   the	   Maize_onions	   sample	   and	   also	   for	  
Manure_vegetables,	   although	   the	   latter	   also	   matches	   the	   atmospheric	   2008	   value.	  
Manure	   carbon	   could	   have	   been	   from	   earlier	   years	   than	   the	   digested	   vegetables.	   For	  
municipal	   sewage	   sludge	   and	   digested	   food	   products	   (like	   cookies),	   the	   average	   14CO2-­‐
sampling	  (and	  harvest)	  year	  deviates	  a	   few	  years	   from	  the	  year	  of	  digestion	  (2011).	  This	  
can	  be	  expected,	  because	  the	  organic	  material	   is	  not	  directly	  digested	  after	  harvest,	  but	  
has	  first	  been	  used	  in	  other	  processes	  during	  a	  certain	  time	  period.	  An	  example	  of	   long-­‐
term	   storage	   (decades)	   of	   atmospheric	   carbon	   is	   wood-­‐based	   material.	   In	   the	   case	   of	  
biogas	  this	  long-­‐term	  storage	  can	  be	  found	  in	  organic	  material	  stored	  and	  ‘digested’	  at	  old	  
landfill	  sites,	  as	  the	  result	  of	  Landfill_2	  shows	  (116	  pmC;	  average	  atmospheric	  carbon	  year	  
is	   1988).	   The	   storage	   effect	   of	   wood-­‐based	   plants	   can	   also	   to	   some	   extent	   be	   seen	   at	  
landfill	   sites	   that	   are	   still	   in	   use	   (Landfill_1)	   and	   in	   organic	   waste,	   which	   both	   contain	  
municipal	  organic	  waste	  fractions	  that	  have	  been	  recently	  dumped.	  
	  
In	   the	   calculation	   of	   14Csample_measured	   (eq.	   1.4)	   the	   year	   of	   harvest	   of	   the	   biogenic	  
organic	  material,	  tS,	  is	  needed	  as	  well	  if	  the	  decay	  correction	  needs	  to	  be	  applied.	  If	  biogas	  
or	  bio-­‐fossil	  gas	  mixtures	  need	  to	  be	  verified	  and	  the	  average	  harvest	  year	  is	  not	  known,	  
then	  the	  year	  of	  digestion	  should	  be	  used	  instead.	  Fortunately,	  this	  decay	  correction	  term	  
varies	   very	   little	   per	   year	   and	   the	   calculated	   14Csample_measured	   deviates	   only	   0.01%	  
(relatively)	  with	  every	  year	  of	  difference	  between	  the	  year	  of	  digestion	  and	  the	  average	  
harvest	  year.	  For	  the	  investigated	  biogas	  samples	  of	  this	  study	  with	  unknown	  harvest	  year	  
the	  year	  of	  digestion:	  2011,	  was	  used	  for	  tS.	  For	  the	  Sugar	  beet	  samples	  it	  was	  known	  that	  
the	  harvest	  year	  was	  2011.	  If	  the	  harvest	  years	  for	  the	  “unknown”	  samples	  are	  estimated	  
based	  on	  Figure	  3.1,	  the	  use	  of	  2011	  instead	  of	  the	  “real”	  harvest	  year	  gives	  deviations	  of	  
<0.05	  pmC	  for	  most	  of	  the	  biogas	  samples.	  Only	  for	  Landfill_2,	  for	  which	  harvest	  year	  (or	  
“average	   year	   of	   growth”)	   1988	   seems	   to	   be	   a	   good	   estimate,	   14Csample_measured	   would	  
increase	  distinctively	  by	  0.3	  pmC	  (from	  116.1	  to	  116.4	  pmC)	  if	  1988	  had	  been	  used	  for	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Figure	  3.1.	  Comparison	  between	  14Csample_measured	  values	  (pmC)	  of	  different	  biogas	  samples	  
and	  average	  atmospheric	  14Csample_measured	  values	  (pmC)	  for	  the	  period	  1987-­‐2011.	  The	  
atmospheric	  14CO2	  values	  have	  been	  measured	  at	  Dutch	  monitoring	  stations	  Smilde	  (1987-­‐
2002;	  published	  before	  in	  Meijer	  et	  al.	  1994	  and	  Palstra	  et	  al.	  2008)	  and	  Lutjewad	  (2004-­‐
2011)	  by	  the	  University	  of	  Groningen.	  The	  biogas	  results	  are	  from	  combusted	  CH4-­‐
fractions.	  The	  plotted	  annual	  atmospheric	  14Csample_measured	  values	  are	  average	  values	  from	  
monthly	  mean	  14CO2	  values	  of	  the	  months	  April	  –	  October.	  The	  period	  in	  which	  plants	  take	  
up	  atmospheric	  CO2	  is	  typically	  within	  this	  period.	  	  
	  
The	   14Csample_measured	   values	   of	   the	   separately	   measured	   CO2-­‐fraction	   and	   combusted	  
CH4-­‐fraction	  of	  biogas	  samples	  agree	  for	  all	  investigated	  biogas	  samples	  within	  two	  times	  
the	  measurement	  error.	  This	   is	  also	  expected,	  as	  both	  fractions	  originate	  from	  the	  same	  
digested	  organic	  materials.	  In	  cases	  of	  fraud-­‐investigation	  to	  identify	  whether	  biomethane	  
is	  100%	  biogenic,	  the	  measurement	  of	  the	  CO2	  fraction	  could	  therefore	  act	  as	  an	  internal	  
reference	  (comparison	  with	  the	  14Csample_measured	  value	  of	  the	  combusted	  CH4	  fraction).	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 The	   observed	   differences	   in	   14Csample_measured	  values	   between	   both	   carbon	   fractions	   in	  
this	   study	   (0.2-­‐0.6	   pmC)	   can	   be	   due	   to	   other	   factors	   than	   the	   random	   measurement	  
errors.	   For	   example,	   variation	   in	   the	   CO2/CH4	   ratio	   (mol	   %)	   between	   digested	   organic	  
materials	   with	   different	   14Csample_measured	   values	   (within	   the	   same	   biogas	   batch)	   give	  
different	   average	   14Csample_measured	   values	   of	   CO2	   and	   CH4	   in	   a	   particular	   biogas	   sample.	  
Another	  factor	  could	  be	  the	  used	  isotope	  fractionation	  ratio	  of	  2	  (the	  factor	  φ	  in	  equation	  
3.1)	   in	   the	   correction	   of	   the	  measured	   14C	   amounts	   for	   isotope	   fractionation.	   This	   ratio	  
shows	  the	  rate	  of	  isotope	  fractionation	  of	  the	  14C	  atoms	  compared	  to	  the	  13C	  atoms	  in	  the	  
sample	  material	  and	  is	  for	  most	  processes	  below	  2	  (around	  1.9).	  This	  value	  varies	  between	  
different	   chemical/physical	   processes	   due	   differences	   in	   the	   kinetic	   and	   equilibrium	  
reactions	  in	  these	  processes	  (Mook,	  2000),	  but	  is	  impossible	  to	  determine	  for	  each	  sample	  
material	   individually.	   For	   most	   14C	   applications	   the	   standardized	   correction	   factor	   of	   2	  
instead	  of	  the	  true	  value	  is	  a	  good	  approximation	  and	  no	  anomalies	  will	  be	  visible	  in	  the	  
final	   results.	   If	   the	  difference	  of	   the	  δ13C	   value	  of	   a	   certain	   carbon	  component	  with	   the	  
normalized	  δ13C	  value	  (-­‐25	  ‰)	  is	  relatively	  large	  and	  the	  difference	  in	  δ13C	  value	  between	  
this	   carbon	   component	   and	   another	   carbon	   component	   in	   the	   same	   sample	  material	   is	  
even	  larger,	  which	  is	  the	  case	  for	  the	  CO2	  and	  CH4	  fractions	  of	  raw	  biogases,	  then	  the	  use	  
of	   the	   standardized	   isotope	   fractionation	   rate	   factor	   instead	   of	   the	   real	   factor	   will	  
introduce	   slight	   differences	   between	   the	   14Csample_measured	   values	   of	   the	   separate	  
components.	  
	  
3.4.5	  14C	  reference	  value	  for	  100%	  biogenic	  carbon	  
When	  determining	  the	  bioC	   fraction	  of	  biogas	  and	  bio-­‐fossil	  gas	  mixtures	   (Eq.	  1.3),	  a	  
14C	  reference	  value	  for	  100%	  biogenic	  carbon	   is	  needed	  (14Cbio).	   Ideally,	   this	  value	  would	  
be	   the	  measured	  14C	  value	  of	   the	  pure	  biogenic	  gas	   that	   lies	  at	   the	  basis	  of	   the	  sample.	  
Usually,	  however,	  this	  measurement	  is	  not	  possible	  or	  feasible,	  as	  in	  most	  cases	  the	  bio-­‐
fossil	   carbon	   samples	   are	   already	   mixed	   (and/or	   combusted).	   For	   biogas	   samples	   that	  
need	  to	  be	  verified	  on	  bioC	  composition,	  a	  14Cbio	  value	  should	  be	  available	  beforehand	  and	  
cannot	  be	  determined	  based	  on	  the	  measurement	  of	  the	  biogas	  sample	  itself.	  Therefore,	  
in	  most	  cases	  an	  approximated	  value	  needs	  to	  be	  used	  that	  is	  based	  on	  14Csample	  values	  of	  
different	  biogenic	  materials	  or	  based	  on	  atmospheric	  14CO2.	  An	  approximated	  
14Cbio	  value	  
will,	  obviously,	  introduce	  a	  bigger	  uncertainty	  in	  the	  calculated	  bioC	  fraction	  ( fCbio )	  than	  
a	   directly	   measured	   one.	   Especially	   for	   fraud	   investigation,	   where	   fraud	   should	   be	  
significantly	  identified	  from	  systematic	  and	  random	  uncertainties	  in	  the	  determined	  bioC	  
fraction,	  it	  is	  of	  interest	  that	  the	  approximated	  value	  is	  reliable	  and	  that	  the	  uncertainty	  in	  
this	   value	   is	   as	   small	   as	   possible.	   Quantification	   of	   uncertainties	   in	   the	   calculated	   bioC	  
fraction,	   including	   the	  uncertainty	   in	   the	  used	   14Cbio	   value,	   is	   therefore	  essential.	   So	   far,	  
however,	  it	  has	  not	  been	  part	  of	  the	  procedures	  of	  the	  several	  (inter)-­‐national	  standards	  
 
in	   which	   the	   14C	   method	   is	   used	   to	   determine	   the	   bioC	   fraction	   (like	   ASTM	   D6866-­‐12	  
[ASTM	  2012]	  and	  ISO/FDIS	  13833	  [ISO	  2012]).	  
	  
This	   study	   proposes	   a	   method	   to	   approximate	   14Cbio	   values	   for	   different	   types	   of	  
biogases	   based	   on	   atmospheric	   14CO2	   values.	   Biogases	   were	   divided	   into	   four	   different	  
groups	   with	   different	   (maximum)	   time	   periods	   between	   growth/harvest	   and	   digestion.	  
For	  each	  group	  the	  14Cbio	  value	  is	  calculated	  based	  on	  atmospheric	  
14CO2	  values	  that	  have	  
been	   measured	   in	   the	   defined	   time	   period	   of	   that	   group.	   The	   defined	   groups	   are	  
summarized	  in	  Table	  3.4.	  
	  	  
The	  (average)	  year	  of	  plant	  growth	  is	  known	  only	  for	  group	  1.	  For	  the	  other	  groups	  this	  
is	  not	  known	  and	  thus	  has	  been	  estimated	  based	  on	  information	  about	  the	  used	  organic	  
materials:	   Group	   2	   is	   organic	   material	   with	   atmospheric	   carbon	   from	   the	   harvest	   year	  
only,	  digested	  within	  2	  years	  after	  harvest.	  Group	  3	  consists	  of	  two	  subgroups	  of	  organic	  
materials.	   The	   first	   subgroup	   is	   organic	   material	   with	   atmospheric	   carbon	   from	   the	  
harvest	  year	  only,	  but	  which	  has	  been	  pre-­‐treated	  first	  before	  becoming	  a	  waste	  product.	  
The	  second	  subgroup	  is	  organic	  material	  stored	  in	  plants	  for	  a	  short	  average	  time	  period	  
(few	  years).	  Both	   subgroups	  are	   characterized	  by	  an	  average	  of	  up	   to	  5-­‐yr	  difference	   in	  
time	  between	  harvest	  and	  digestion	  of	  the	  material.	  Group	  4	  is	  the	  most	  complicated	  one.	  
It	   contains	   mixtures	   of	   organic	   material,	   stored	   for	   a	   long	   time	   period	   (up	   to	   several	  
decades)	   until	   digestion	   to	   biogas	   (municipal	   waste	   is	   a	   typical	   example).	   The	   method	  
proposed	  here	  can	  also	  be	  used	   for	  other	   (solid,	   liquid)	  bio-­‐fuels.	   Instead	  of	   the	  year	  of	  
digestion,	  the	  year	  of	  bio-­‐fuel	  production	  can	  then	  be	  used.	  
	  
Table	   3.5	   shows	   14Cbio	   values	   for	   biogases	   digested	   in	   2011,	   which	   was	   calculated	  
according	  to	   the	  approach	  of	  Table	  3.4.	  For	  groups	  1-­‐3	  values	  were	  calculated	  based	  on	  
averaged	  monthly	  mean	  atmospheric	  14CO2	  values	  measured	  at	  Dutch	  monitoring	  stations	  
Smilde	  (2001-­‐2003)	  and	  Lutjewad	  (2004-­‐2011)	  (Centre	  for	  Isotope	  Research,	  University	  of	  
Groningen;	  monthly	  mean	  values	  of	  both	  stations	  have	  not	  been	  published	  yet).	  For	  each	  
group	  the	  average	  14Csample	  value	  was	  calculated	  based	  on	  monthly	  data	  from	  the	  period	  
April-­‐October	   for	   the	   year(s)	   in	   the	   given	   time	   period	   of	   the	   specific	   group.	   The	  
uncertainties	  given	  are	  the	  standard	  deviations	  in	  the	  averaged	  monthly	  mean	  values.	  The	  
(rounded	   off)	   14Cbio	   value	   and	   its	   overall	   uncertainty	   for	   biogas	   group	   4	   was	   based	   on	  








 The	   observed	   differences	   in	   14Csample_measured	  values	   between	   both	   carbon	   fractions	   in	  
this	   study	   (0.2-­‐0.6	   pmC)	   can	   be	   due	   to	   other	   factors	   than	   the	   random	   measurement	  
errors.	   For	   example,	   variation	   in	   the	   CO2/CH4	   ratio	   (mol	   %)	   between	   digested	   organic	  
materials	   with	   different	   14Csample_measured	   values	   (within	   the	   same	   biogas	   batch)	   give	  
different	   average	   14Csample_measured	   values	   of	   CO2	   and	   CH4	   in	   a	   particular	   biogas	   sample.	  
Another	  factor	  could	  be	  the	  used	  isotope	  fractionation	  ratio	  of	  2	  (the	  factor	  φ	  in	  equation	  
3.1)	   in	   the	   correction	   of	   the	  measured	   14C	   amounts	   for	   isotope	   fractionation.	   This	   ratio	  
shows	  the	  rate	  of	  isotope	  fractionation	  of	  the	  14C	  atoms	  compared	  to	  the	  13C	  atoms	  in	  the	  
sample	  material	  and	  is	  for	  most	  processes	  below	  2	  (around	  1.9).	  This	  value	  varies	  between	  
different	   chemical/physical	   processes	   due	   differences	   in	   the	   kinetic	   and	   equilibrium	  
reactions	  in	  these	  processes	  (Mook,	  2000),	  but	  is	  impossible	  to	  determine	  for	  each	  sample	  
material	   individually.	   For	   most	   14C	   applications	   the	   standardized	   correction	   factor	   of	   2	  
instead	  of	  the	  true	  value	  is	  a	  good	  approximation	  and	  no	  anomalies	  will	  be	  visible	  in	  the	  
final	   results.	   If	   the	  difference	  of	   the	  δ13C	   value	  of	   a	   certain	   carbon	  component	  with	   the	  
normalized	  δ13C	  value	  (-­‐25	  ‰)	  is	  relatively	  large	  and	  the	  difference	  in	  δ13C	  value	  between	  
this	   carbon	   component	   and	   another	   carbon	   component	   in	   the	   same	   sample	  material	   is	  
even	  larger,	  which	  is	  the	  case	  for	  the	  CO2	  and	  CH4	  fractions	  of	  raw	  biogases,	  then	  the	  use	  
of	   the	   standardized	   isotope	   fractionation	   rate	   factor	   instead	   of	   the	   real	   factor	   will	  
introduce	   slight	   differences	   between	   the	   14Csample_measured	   values	   of	   the	   separate	  
components.	  
	  
3.4.5	  14C	  reference	  value	  for	  100%	  biogenic	  carbon	  
When	  determining	  the	  bioC	   fraction	  of	  biogas	  and	  bio-­‐fossil	  gas	  mixtures	   (Eq.	  1.3),	  a	  
14C	  reference	  value	  for	  100%	  biogenic	  carbon	   is	  needed	  (14Cbio).	   Ideally,	   this	  value	  would	  
be	   the	  measured	  14C	  value	  of	   the	  pure	  biogenic	  gas	   that	   lies	  at	   the	  basis	  of	   the	  sample.	  
Usually,	  however,	  this	  measurement	  is	  not	  possible	  or	  feasible,	  as	  in	  most	  cases	  the	  bio-­‐
fossil	   carbon	   samples	   are	   already	   mixed	   (and/or	   combusted).	   For	   biogas	   samples	   that	  
need	  to	  be	  verified	  on	  bioC	  composition,	  a	  14Cbio	  value	  should	  be	  available	  beforehand	  and	  
cannot	  be	  determined	  based	  on	  the	  measurement	  of	  the	  biogas	  sample	  itself.	  Therefore,	  
in	  most	  cases	  an	  approximated	  value	  needs	  to	  be	  used	  that	  is	  based	  on	  14Csample	  values	  of	  
different	  biogenic	  materials	  or	  based	  on	  atmospheric	  14CO2.	  An	  approximated	  
14Cbio	  value	  
will,	  obviously,	  introduce	  a	  bigger	  uncertainty	  in	  the	  calculated	  bioC	  fraction	  ( fCbio )	  than	  
a	   directly	   measured	   one.	   Especially	   for	   fraud	   investigation,	   where	   fraud	   should	   be	  
significantly	  identified	  from	  systematic	  and	  random	  uncertainties	  in	  the	  determined	  bioC	  
fraction,	  it	  is	  of	  interest	  that	  the	  approximated	  value	  is	  reliable	  and	  that	  the	  uncertainty	  in	  
this	   value	   is	   as	   small	   as	   possible.	   Quantification	   of	   uncertainties	   in	   the	   calculated	   bioC	  
fraction,	   including	   the	  uncertainty	   in	   the	  used	   14Cbio	   value,	   is	   therefore	  essential.	   So	   far,	  
however,	  it	  has	  not	  been	  part	  of	  the	  procedures	  of	  the	  several	  (inter)-­‐national	  standards	  
 
in	   which	   the	   14C	   method	   is	   used	   to	   determine	   the	   bioC	   fraction	   (like	   ASTM	   D6866-­‐12	  
[ASTM	  2012]	  and	  ISO/FDIS	  13833	  [ISO	  2012]).	  
	  
This	   study	   proposes	   a	   method	   to	   approximate	   14Cbio	   values	   for	   different	   types	   of	  
biogases	   based	   on	   atmospheric	   14CO2	   values.	   Biogases	   were	   divided	   into	   four	   different	  
groups	   with	   different	   (maximum)	   time	   periods	   between	   growth/harvest	   and	   digestion.	  
For	  each	  group	  the	  14Cbio	  value	  is	  calculated	  based	  on	  atmospheric	  
14CO2	  values	  that	  have	  
been	   measured	   in	   the	   defined	   time	   period	   of	   that	   group.	   The	   defined	   groups	   are	  
summarized	  in	  Table	  3.4.	  
	  	  
The	  (average)	  year	  of	  plant	  growth	  is	  known	  only	  for	  group	  1.	  For	  the	  other	  groups	  this	  
is	  not	  known	  and	  thus	  has	  been	  estimated	  based	  on	  information	  about	  the	  used	  organic	  
materials:	   Group	   2	   is	   organic	   material	   with	   atmospheric	   carbon	   from	   the	   harvest	   year	  
only,	  digested	  within	  2	  years	  after	  harvest.	  Group	  3	  consists	  of	  two	  subgroups	  of	  organic	  
materials.	   The	   first	   subgroup	   is	   organic	   material	   with	   atmospheric	   carbon	   from	   the	  
harvest	  year	  only,	  but	  which	  has	  been	  pre-­‐treated	  first	  before	  becoming	  a	  waste	  product.	  
The	  second	  subgroup	  is	  organic	  material	  stored	  in	  plants	  for	  a	  short	  average	  time	  period	  
(few	  years).	  Both	   subgroups	  are	   characterized	  by	  an	  average	  of	  up	   to	  5-­‐yr	  difference	   in	  
time	  between	  harvest	  and	  digestion	  of	  the	  material.	  Group	  4	  is	  the	  most	  complicated	  one.	  
It	   contains	   mixtures	   of	   organic	   material,	   stored	   for	   a	   long	   time	   period	   (up	   to	   several	  
decades)	   until	   digestion	   to	   biogas	   (municipal	   waste	   is	   a	   typical	   example).	   The	   method	  
proposed	  here	  can	  also	  be	  used	   for	  other	   (solid,	   liquid)	  bio-­‐fuels.	   Instead	  of	   the	  year	  of	  
digestion,	  the	  year	  of	  bio-­‐fuel	  production	  can	  then	  be	  used.	  
	  
Table	   3.5	   shows	   14Cbio	   values	   for	   biogases	   digested	   in	   2011,	   which	   was	   calculated	  
according	  to	   the	  approach	  of	  Table	  3.4.	  For	  groups	  1-­‐3	  values	  were	  calculated	  based	  on	  
averaged	  monthly	  mean	  atmospheric	  14CO2	  values	  measured	  at	  Dutch	  monitoring	  stations	  
Smilde	  (2001-­‐2003)	  and	  Lutjewad	  (2004-­‐2011)	  (Centre	  for	  Isotope	  Research,	  University	  of	  
Groningen;	  monthly	  mean	  values	  of	  both	  stations	  have	  not	  been	  published	  yet).	  For	  each	  
group	  the	  average	  14Csample	  value	  was	  calculated	  based	  on	  monthly	  data	  from	  the	  period	  
April-­‐October	   for	   the	   year(s)	   in	   the	   given	   time	   period	   of	   the	   specific	   group.	   The	  
uncertainties	  given	  are	  the	  standard	  deviations	  in	  the	  averaged	  monthly	  mean	  values.	  The	  
(rounded	   off)	   14Cbio	   value	   and	   its	   overall	   uncertainty	   for	   biogas	   group	   4	   was	   based	   on	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 Table	  3.4.	  Approach	  to	  approximate	  14Cbio	  for	  different	  biogas	  groups.	  
Biogas	  group	   Approach	  
1.	  (Average)	  year	  of	  plant	  growth	  is	  known	  
	  
Average	  atmospheric	  14CO2	  value	  April-­‐




2.	  Year	  of	  plant	  growth	  is	  not	  known	  and	  is	  
expected	  to	  differ	  <2	  yr	  with	  year	  of	  
digestion	  (vegetables,	  annual	  grown	  plants;	  
no	  wood)	  
	  
Average	  atmospheric	  14CO2	  value	  April-­‐
October	  of	  the	  year	  of	  digestion	  and	  
the	  previous	  year.	  
	  
3.	  (Average)	  year	  of	  plant	  growth	  is	  not	  
known	  and	  average	  difference	  between	  
biomass	  harvest	  and	  digestion	  is	  estimated	  
to	  be	  <	  10	  yr	  (food	  residue,	  manure,	  sewage	  
sludge,	  wet	  organic	  municipal	  waste	  
fraction;	  wood	  <	  10	  yr)	  
	  
Average	  atmospheric	  14CO2	  values	  
April-­‐October	  of	  10	  yr	  incl.	  year	  of	  
digestion.	  
	  
4.	  (Average)	  year	  of	  plant	  growth	  is	  not	  
known	  and	  average	  difference	  between	  
biomass	  harvest	  and	  digestion	  >	  10	  yr	  
(municipal	  waste	  stored	  in	  old	  landfills,	  
wood	  >	  10	  yr).	  
	  
Average	  14Csample	  value	  of	  waste	  
materials	  in	  year	  of	  sampling,	  based	  on	  
study	  by	  Fellner	  and	  Rechberger	  
(2009).	  
	  
The	   values	   in	   Table	   3.5	   are	   valid	   for	   2011	   only.	   Due	   to	   the	   (long-­‐term)	   annually	  
decreasing	  14Csample	  of	  atmospheric	  CO2	  (since	  the	  1960s)	  the	  approximated	  
14Cbio	  values	  of	  
the	   different	   groups	   will	   decrease	   annually	   as	   well	   (only	   one-­‐year	   average	   values	   of	  
successive	  years	  can	  show	  an	   increase	  sometimes,	  as	  can	  be	  seen	   in	   fig.	  3.1).	  This	   long-­‐
term	  decrease	   is	  currently	  approximately	  -­‐0.5	  pmC	  per	  year	  (also	  for	  waste	  according	  to	  
Fellner	   and	   Rechberger	   2009).	   Biogas	   samples	   digested	   in	   2012	   might	   therefore	   have	  






Table	  3.5.	  Approximated	  14Cbio	  values	  for	  (Dutch)	  biogas	  samples	  digested	  and/or	  sampled	  
in	  2011.	  	  
Biogas	  group	   Time	  period	   14Cbio	  (pmC)	   ±	  (1σ)	  
1	   2011	   102.8	   0.5	  
2	   2010-­‐2011	   103.4	   0.7	  
3	   2001	  -­‐	  2011	   105.0	   1.6	  
4	   Not	  defined	  	  
(wood	  materials	  >1900	  AD)	  
115	   4	  
	  
As	   the	  values	  of	   group	  1-­‐3	   in	  Table	  3.5	  were	   calculated	  based	  on	  atmospheric	   14CO2	  
values	   measured	   in	   the	   Netherlands,	   they	   represent	   14Cbio	   values	   that	   can	   be	   found	   in	  
organic	   carbon	   from	   plant	   materials	   that	   have	   grown	   in	   the	   Netherlands.	   For	   digested	  
organic	  materials	   that	   have	   grown	   in	   other	   regions/countries	   the	   14Cbio	   values	   of	   these	  
organic	  materials	  can	  be	  different	  compared	  to	  the	  Dutch	  materials,	  as	  the	  14Csample	  values	  
of	   atmospheric	   14CO2	   and	   therefore	   of	   plant	   materials	   as	   well	   show	   spatial	   variation	  
(Meijer	   et	   al.	   1995,	   Levin	   et	   al.	   2003,	  Hsueh	  et	   al.	   2007,	   Palstra	   et	   al.	   2008).	   	   The	   14Cbio	  
values	  based	  on	  average	  14Csample	  values	  of	  atmospheric	  
14CO2	  could	  therefore	  be	  slightly	  
different	   as	   well,	   if	   based	   on	   atmospheric	   values	   of	   other	   regions.	   Investigation	   of	   the	  
differences	   between	   averaged	   14Csample	   values	   of	   the	   Dutch	   monitoring	   stations	   and	  
remote	  Alpine	  monitoring	   station	   ‘Jungfraujoch’	  and	  highly	  urbanized	   regions	   (Meijer	  et	  
al.	  1995,	  Levin	  et	  al.,	  2003,	  Levin	  and	  Kromer	  2004,	  Palstra	  et	  al.	  2008,	  data	  ‘Jungfraujoch’	  
>2003	   from	   personal	   communication	   with	   I.	   Levin,	   IUP	   Heidelberg),	   showed,	   however,	  
that	   the	   Dutch	   data	   are	   in	   between	   the	   values	   from	   (European)	   remote	   and	   highly	  
urbanized	  regions	  (±	  1.5	  pmC).	  The	  approximated	  14Cbio	  values	   in	  Table	  3.5	  are	  therefore	  
useful	  average	  values	  for	  biogas	  samples,	  regardless	   its	  organic	  carbon	  origin	  (at	   least	   in	  
Europe).	  Only	  the	  shown	  uncertainties	  in	  Table	  3.5	  will	  be	  slightly	  larger	  for	  biogas	  groups	  
1–3	   due	   to	   this	   spatial	   variation	   (with	   1σ	   approximately	   ±	   0.5	   pmC).	   The	   total	   (1σ)	  
uncertainties	   in	   the	  approximated	  14Cbio	  values	  of	  biogas	  groups	  1–3	  are	  then	  ±0.7	  pmC,	  
±0.9	  pmC	  and	  ±	  1.7	  pmC	  respectively,	  instead	  of	  the	  uncertainties	  shown	  in	  table	  3.5.	  
	  
It	  was	   verified	  whether	   the	   14Cbio	   of	   Table	  3.5	   give	   the	   correct	  bioC	   fractions	   for	   the	  
investigated	   biogas	   samples	   (Table	   3.2),	   within	   the	   given	   uncertainty	   ranges.	   For	   this	  
verification,	  it	  was	  assumed	  that	  all	  investigated	  biogas	  samples	  contained	  100%	  biogenic	  
carbon.	   As	   the	   investigated	   biogas	   samples	   in	   this	   study	   contain	   organic	   carbon	   from	  
plants	   materials	   that	   have	   mainly	   grown	   in	   the	   Netherlands,	   the	   values	   and	   the	   given	  
uncertainties	   in	   Table	   3.5	   are	   expected	   to	   be	   very	   representative	   for	   the	   investigated	  
biogas	  samples.	  The	  biogas	  samples	  have	  been	  divided	  over	  the	  four	  defined	  groups	  based	  




 Table	  3.4.	  Approach	  to	  approximate	  14Cbio	  for	  different	  biogas	  groups.	  
Biogas	  group	   Approach	  
1.	  (Average)	  year	  of	  plant	  growth	  is	  known	  
	  
Average	  atmospheric	  14CO2	  value	  April-­‐




2.	  Year	  of	  plant	  growth	  is	  not	  known	  and	  is	  
expected	  to	  differ	  <2	  yr	  with	  year	  of	  
digestion	  (vegetables,	  annual	  grown	  plants;	  
no	  wood)	  
	  
Average	  atmospheric	  14CO2	  value	  April-­‐
October	  of	  the	  year	  of	  digestion	  and	  
the	  previous	  year.	  
	  
3.	  (Average)	  year	  of	  plant	  growth	  is	  not	  
known	  and	  average	  difference	  between	  
biomass	  harvest	  and	  digestion	  is	  estimated	  
to	  be	  <	  10	  yr	  (food	  residue,	  manure,	  sewage	  
sludge,	  wet	  organic	  municipal	  waste	  
fraction;	  wood	  <	  10	  yr)	  
	  
Average	  atmospheric	  14CO2	  values	  
April-­‐October	  of	  10	  yr	  incl.	  year	  of	  
digestion.	  
	  
4.	  (Average)	  year	  of	  plant	  growth	  is	  not	  
known	  and	  average	  difference	  between	  
biomass	  harvest	  and	  digestion	  >	  10	  yr	  
(municipal	  waste	  stored	  in	  old	  landfills,	  
wood	  >	  10	  yr).	  
	  
Average	  14Csample	  value	  of	  waste	  
materials	  in	  year	  of	  sampling,	  based	  on	  
study	  by	  Fellner	  and	  Rechberger	  
(2009).	  
	  
The	   values	   in	   Table	   3.5	   are	   valid	   for	   2011	   only.	   Due	   to	   the	   (long-­‐term)	   annually	  
decreasing	  14Csample	  of	  atmospheric	  CO2	  (since	  the	  1960s)	  the	  approximated	  
14Cbio	  values	  of	  
the	   different	   groups	   will	   decrease	   annually	   as	   well	   (only	   one-­‐year	   average	   values	   of	  
successive	  years	  can	  show	  an	   increase	  sometimes,	  as	  can	  be	  seen	   in	   fig.	  3.1).	  This	   long-­‐
term	  decrease	   is	  currently	  approximately	  -­‐0.5	  pmC	  per	  year	  (also	  for	  waste	  according	  to	  
Fellner	   and	   Rechberger	   2009).	   Biogas	   samples	   digested	   in	   2012	   might	   therefore	   have	  






Table	  3.5.	  Approximated	  14Cbio	  values	  for	  (Dutch)	  biogas	  samples	  digested	  and/or	  sampled	  
in	  2011.	  	  
Biogas	  group	   Time	  period	   14Cbio	  (pmC)	   ±	  (1σ)	  
1	   2011	   102.8	   0.5	  
2	   2010-­‐2011	   103.4	   0.7	  
3	   2001	  -­‐	  2011	   105.0	   1.6	  
4	   Not	  defined	  	  
(wood	  materials	  >1900	  AD)	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As	   the	  values	  of	   group	  1-­‐3	   in	  Table	  3.5	  were	   calculated	  based	  on	  atmospheric	   14CO2	  
values	   measured	   in	   the	   Netherlands,	   they	   represent	   14Cbio	   values	   that	   can	   be	   found	   in	  
organic	   carbon	   from	   plant	   materials	   that	   have	   grown	   in	   the	   Netherlands.	   For	   digested	  
organic	  materials	   that	   have	   grown	   in	   other	   regions/countries	   the	   14Cbio	   values	   of	   these	  
organic	  materials	  can	  be	  different	  compared	  to	  the	  Dutch	  materials,	  as	  the	  14Csample	  values	  
of	   atmospheric	   14CO2	   and	   therefore	   of	   plant	   materials	   as	   well	   show	   spatial	   variation	  
(Meijer	   et	   al.	   1995,	   Levin	   et	   al.	   2003,	  Hsueh	  et	   al.	   2007,	   Palstra	   et	   al.	   2008).	   	   The	   14Cbio	  
values	  based	  on	  average	  14Csample	  values	  of	  atmospheric	  
14CO2	  could	  therefore	  be	  slightly	  
different	   as	   well,	   if	   based	   on	   atmospheric	   values	   of	   other	   regions.	   Investigation	   of	   the	  
differences	   between	   averaged	   14Csample	   values	   of	   the	   Dutch	   monitoring	   stations	   and	  
remote	  Alpine	  monitoring	   station	   ‘Jungfraujoch’	  and	  highly	  urbanized	   regions	   (Meijer	  et	  
al.	  1995,	  Levin	  et	  al.,	  2003,	  Levin	  and	  Kromer	  2004,	  Palstra	  et	  al.	  2008,	  data	  ‘Jungfraujoch’	  
>2003	   from	   personal	   communication	   with	   I.	   Levin,	   IUP	   Heidelberg),	   showed,	   however,	  
that	   the	   Dutch	   data	   are	   in	   between	   the	   values	   from	   (European)	   remote	   and	   highly	  
urbanized	  regions	  (±	  1.5	  pmC).	  The	  approximated	  14Cbio	  values	   in	  Table	  3.5	  are	  therefore	  
useful	  average	  values	  for	  biogas	  samples,	  regardless	   its	  organic	  carbon	  origin	  (at	   least	   in	  
Europe).	  Only	  the	  shown	  uncertainties	  in	  Table	  3.5	  will	  be	  slightly	  larger	  for	  biogas	  groups	  
1–3	   due	   to	   this	   spatial	   variation	   (with	   1σ	   approximately	   ±	   0.5	   pmC).	   The	   total	   (1σ)	  
uncertainties	   in	   the	  approximated	  14Cbio	  values	  of	  biogas	  groups	  1–3	  are	  then	  ±0.7	  pmC,	  
±0.9	  pmC	  and	  ±	  1.7	  pmC	  respectively,	  instead	  of	  the	  uncertainties	  shown	  in	  table	  3.5.	  
	  
It	  was	   verified	  whether	   the	   14Cbio	   of	   Table	  3.5	   give	   the	   correct	  bioC	   fractions	   for	   the	  
investigated	   biogas	   samples	   (Table	   3.2),	   within	   the	   given	   uncertainty	   ranges.	   For	   this	  
verification,	  it	  was	  assumed	  that	  all	  investigated	  biogas	  samples	  contained	  100%	  biogenic	  
carbon.	   As	   the	   investigated	   biogas	   samples	   in	   this	   study	   contain	   organic	   carbon	   from	  
plants	   materials	   that	   have	   mainly	   grown	   in	   the	   Netherlands,	   the	   values	   and	   the	   given	  
uncertainties	   in	   Table	   3.5	   are	   expected	   to	   be	   very	   representative	   for	   the	   investigated	  
biogas	  samples.	  The	  biogas	  samples	  have	  been	  divided	  over	  the	  four	  defined	  groups	  based	  
on	  the	  available	  information	  about	  the	  organic	  material	  used	  in	  the	  biogas	  production.	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 Table	  3.6	   shows	   the	  calculated	  bioC	   fractions	  of	   the	  biogas	   samples.	  The	  1σ	   error	   in	  
the	   calculated	   bioC	   fraction	   is	   determined	   by	   the	   (AMS)	   measurement	   error	   in	  




Table	  3.6.	  BioC	  fraction	  ( fCbio )	  of	  the	  investigated	  biogas	  samples	  using	  the	  data	  of	  table	  
3.4	  and	  the	  classification	  of	  table	  3.5.	  
Biogas	   Group	  nr	   fCbio (%)	   ±	  (1σ)	   Deviation	  with	  100%	  bioC	  
Sugar	  beet	   1	   99.5	   0.6	   -­‐0.5	  
Maize_onions	   2	   99.2	   0.8	   -­‐0.8	  
Manure_vegetables	   2	   100.0	   0.8	   0.0	  
Landfill_1	   3	   99.0	   1.6	   -­‐1.0	  
Cookies_fish	   3	   99.4	   1.6	   -­‐0.6	  
Organic	  waste	   3	   99.5	   1.6	   -­‐0.5	  
Mun.	  sewage	  sludge	   3	   100.1	   1.6	   0.1	  
Landfill_2	   4	   101.0	   3.5	   1.0	  
	  
The	   approach	   employed	   to	   approximate	   the	   14Cbio	   value	   for	   different	   groups	   of	  
biogases	  works	   very	  well	   for	   the	   biogases	   investigated	   in	   this	   study.	   All	   biogas	   samples	  
contain	  100%	  bioC	  within	  1σ	   uncertainty	   and	  within	  ±	  1%.	  Dividing	   the	  different	  biogas	  
samples	   into	   groups	  with	   different	   approximated	   14Cbio	   values	   improves	   the	   accuracy	   of	  
the	  14C-­‐method	  for	  the	  different	  types	  of	  biogas	  samples.	  The	  more	  information	  available	  
about	  the	  average	  harvest	  year	  and	  the	   location	  and	  time-­‐period	  of	  atmospheric	  carbon	  
uptake,	   the	   smaller	   the	   uncertainty	   and	   systematic	   deviation	   in	   the	   determined	   bioC	  
fraction.	  
	  
Biogas	   from	   vegetables	   that	   have	   grown	   in	   greenhouses	   where	   fossil	   CO2	   has	   been	  
added	  to	  the	  air,	  form	  a	  special	  class	  of	  “bio	  material”.	  The	  14C	  values	  of	  these	  plants	  can	  
in	  principle	  be	  much	  lower	  than	  atmospheric	  14CO2	  values	  due	  to	  the	  dilution	  with	  
14C-­‐free	  
fossil	  carbon.	  If	  the	  bioC	  fraction	  of	  these	  (pure)	  biogases	  is	  calculated	  using	  a	  100%	  bioC	  
reference	  value	  as	  determined	  according	  to	  the	  method	  described	  in	  Table	  3.4,	  this	  bioC	  
fraction	   will	   be	   lower	   than	   100%.	   On	   the	   one	   hand,	   this	   is	   not	   satisfactory	   since	   the	  
formed	  gas	  is	  purely	  “biogenic”,	  that	  is,	  recently	  formed	  by	  photosynthesis.	  On	  the	  other,	  
the	   14C	  method	  correctly	   shows	   that	   fossil	   fuel	  CO2	   is	   involved,	  and	   is	   right	   in	   the	  sense	  
that	   using	   this	   biogas	  will	   only	   partially	   prevent	   the	   emission	   of	   fossil	   fuel	   CO2	   into	   the	  
atmosphere.	  What	  is	  desirable	  in	  this	  application	  of	  the	  14C	  method	  for	  biogas	  samples	  is	  a	  
matter	   of	   definition,	   but	   both	   practical	   and	   principal	   arguments	   are	   in	   favor	   of	   the	  
correctness	  of	  the	  14C-­‐based	  determination.	  
 
	  
3.4.6	  Deviations	  in	  the	  bioC	  fraction	  related	  to	  isotope	  fractionation	  correction	  
This	   section	   presents	   deviations	   in	   the	   bioC	   fraction	   due	   to	   incorrect	   isotope	  
fractionation	  correction.	  Results	  are	  given	  for	  two	  experimental	  and	  five	  theoretical	  cases	  
in	   which	   14C	   measurement	   results	   have	   been	   corrected	   based	   on	   δ 13CAMS 	  instead	   of	  
δ 13CAMS _bioC 	  for	  the	  experimental	  cases	  and	  based	  on	  δ 13Cbio− fossil sample 	  instead	  of	  δ 13C100% bioC 	  
for	   the	   theoretical	   cases.	   The	   experimental	   cases	   are	   based	   on	   real	   13C	   and	   14C	  
measurements	   of	   two	   different	   mixture	   series	   of	   biogenic	   and	   fossil	   CO2	   (both	   from	  
combusted	   CH4	   samples).	   Deviations	  were	   calculated	   according	   to	   Equation	   3.5	   for	   the	  
theoretical	   cases	   and	   according	   to	   Equation	   3.5	   combined	   with	   Equation	   3.10	  
(approximated	  value	  for	  δ 13CAMS _bioC )	  for	  the	  experimental	  cases.	  Another	  two	  theoretical	  
cases,	   in	   which	   no	   isotope	   fractionation	   correction	   has	   been	   applied,	   have	   been	  
investigated	  as	  well	  (using	  Equation	  3.8).	  The	  δ13C	  values	  of	  the	  separate	  bioC	  and	  fossilC	  
fractions	   and	   the	   14Cbio	   values	   that	   have	   been	   used	   to	   investigate	   theoretical	   bio-­‐fossil	  
mixtures	  are	  summarized	  in	  Table	  3.7.	  	  
	  
For	  the	  two	  experimental	  cases,	  the	  measured	  δ13C	  and	  (uncorrected	  for	  fractionation)	  
measured	   14C	   results	   (calculated	   as	   14aS	   value,	   reported	   in	   pMC)	   of	   different	   bio-­‐fossil	  
samples	   (with	  bioC	   fractions	   ranging	  between	  0	  and	  100%)	  are	  shown	   in	  Tables	  3.8	  and	  
3.9.	  The	  chosen	  values	  for	  theoretical	  cases	  1	  and	  2	  (Table	  3.7)	  are	  identical	  to	  the	  values	  
of	  the	  experimental	  cases	  1	  and	  2	  respectively.	  
Figure	   3.2	   shows	   the	   absolute	   deviations	   in	   the	   calculated	   bioC	   fractions	   for	   the	  
different	  investigated	  experimental	  and	  theoretical	  cases.	  
	  
Table	   3.7.	   δ13C	   values	   of	   bioC	   and	   fossilC	   fractions	   and	   14Cbio	   values,	   used	   to	   calculate	  
deviations	  in	  different	  bioC	  fractions	  of	  theoretical	  bio-­‐fossil	  carbon	  mixtures.	  
	   δ13C100%	  fossilC	  	  (‰)	   δ
13C100%	  bioC	  	  	  (‰)	  
14Cbio	  (pmC)	  
Theor.	  &	  no	  corr.	  case	  1	   -­‐28.38	   -­‐61.24	   104.0	  
Theor.	  &	  no	  corr.	  case	  2	   -­‐39.86	   -­‐39.20	   102.3	  
Theor.	  case	  3	   -­‐50.00	   -­‐30.00	   100.0	  
Theor.	  case	  4	   -­‐30.00	   -­‐40.00	   100.0	  








 Table	  3.6	   shows	   the	  calculated	  bioC	   fractions	  of	   the	  biogas	   samples.	  The	  1σ	   error	   in	  
the	   calculated	   bioC	   fraction	   is	   determined	   by	   the	   (AMS)	   measurement	   error	   in	  




Table	  3.6.	  BioC	  fraction	  ( fCbio )	  of	  the	  investigated	  biogas	  samples	  using	  the	  data	  of	  table	  
3.4	  and	  the	  classification	  of	  table	  3.5.	  
Biogas	   Group	  nr	   fCbio (%)	   ±	  (1σ)	   Deviation	  with	  100%	  bioC	  
Sugar	  beet	   1	   99.5	   0.6	   -­‐0.5	  
Maize_onions	   2	   99.2	   0.8	   -­‐0.8	  
Manure_vegetables	   2	   100.0	   0.8	   0.0	  
Landfill_1	   3	   99.0	   1.6	   -­‐1.0	  
Cookies_fish	   3	   99.4	   1.6	   -­‐0.6	  
Organic	  waste	   3	   99.5	   1.6	   -­‐0.5	  
Mun.	  sewage	  sludge	   3	   100.1	   1.6	   0.1	  
Landfill_2	   4	   101.0	   3.5	   1.0	  
	  
The	   approach	   employed	   to	   approximate	   the	   14Cbio	   value	   for	   different	   groups	   of	  
biogases	  works	   very	  well	   for	   the	   biogases	   investigated	   in	   this	   study.	   All	   biogas	   samples	  
contain	  100%	  bioC	  within	  1σ	   uncertainty	   and	  within	  ±	  1%.	  Dividing	   the	  different	  biogas	  
samples	   into	   groups	  with	   different	   approximated	   14Cbio	   values	   improves	   the	   accuracy	   of	  
the	  14C-­‐method	  for	  the	  different	  types	  of	  biogas	  samples.	  The	  more	  information	  available	  
about	  the	  average	  harvest	  year	  and	  the	   location	  and	  time-­‐period	  of	  atmospheric	  carbon	  
uptake,	   the	   smaller	   the	   uncertainty	   and	   systematic	   deviation	   in	   the	   determined	   bioC	  
fraction.	  
	  
Biogas	   from	   vegetables	   that	   have	   grown	   in	   greenhouses	   where	   fossil	   CO2	   has	   been	  
added	  to	  the	  air,	  form	  a	  special	  class	  of	  “bio	  material”.	  The	  14C	  values	  of	  these	  plants	  can	  
in	  principle	  be	  much	  lower	  than	  atmospheric	  14CO2	  values	  due	  to	  the	  dilution	  with	  
14C-­‐free	  
fossil	  carbon.	  If	  the	  bioC	  fraction	  of	  these	  (pure)	  biogases	  is	  calculated	  using	  a	  100%	  bioC	  
reference	  value	  as	  determined	  according	  to	  the	  method	  described	  in	  Table	  3.4,	  this	  bioC	  
fraction	   will	   be	   lower	   than	   100%.	   On	   the	   one	   hand,	   this	   is	   not	   satisfactory	   since	   the	  
formed	  gas	  is	  purely	  “biogenic”,	  that	  is,	  recently	  formed	  by	  photosynthesis.	  On	  the	  other,	  
the	   14C	  method	  correctly	   shows	   that	   fossil	   fuel	  CO2	   is	   involved,	  and	   is	   right	   in	   the	  sense	  
that	   using	   this	   biogas	  will	   only	   partially	   prevent	   the	   emission	   of	   fossil	   fuel	   CO2	   into	   the	  
atmosphere.	  What	  is	  desirable	  in	  this	  application	  of	  the	  14C	  method	  for	  biogas	  samples	  is	  a	  
matter	   of	   definition,	   but	   both	   practical	   and	   principal	   arguments	   are	   in	   favor	   of	   the	  
correctness	  of	  the	  14C-­‐based	  determination.	  
 
	  
3.4.6	  Deviations	  in	  the	  bioC	  fraction	  related	  to	  isotope	  fractionation	  correction	  
This	   section	   presents	   deviations	   in	   the	   bioC	   fraction	   due	   to	   incorrect	   isotope	  
fractionation	  correction.	  Results	  are	  given	  for	  two	  experimental	  and	  five	  theoretical	  cases	  
in	   which	   14C	   measurement	   results	   have	   been	   corrected	   based	   on	   δ 13CAMS 	  instead	   of	  
δ 13CAMS _bioC 	  for	  the	  experimental	  cases	  and	  based	  on	  δ 13Cbio− fossil sample 	  instead	  of	  δ 13C100% bioC 	  
for	   the	   theoretical	   cases.	   The	   experimental	   cases	   are	   based	   on	   real	   13C	   and	   14C	  
measurements	   of	   two	   different	   mixture	   series	   of	   biogenic	   and	   fossil	   CO2	   (both	   from	  
combusted	   CH4	   samples).	   Deviations	  were	   calculated	   according	   to	   Equation	   3.5	   for	   the	  
theoretical	   cases	   and	   according	   to	   Equation	   3.5	   combined	   with	   Equation	   3.10	  
(approximated	  value	  for	  δ 13CAMS _bioC )	  for	  the	  experimental	  cases.	  Another	  two	  theoretical	  
cases,	   in	   which	   no	   isotope	   fractionation	   correction	   has	   been	   applied,	   have	   been	  
investigated	  as	  well	  (using	  Equation	  3.8).	  The	  δ13C	  values	  of	  the	  separate	  bioC	  and	  fossilC	  
fractions	   and	   the	   14Cbio	   values	   that	   have	   been	   used	   to	   investigate	   theoretical	   bio-­‐fossil	  
mixtures	  are	  summarized	  in	  Table	  3.7.	  	  
	  
For	  the	  two	  experimental	  cases,	  the	  measured	  δ13C	  and	  (uncorrected	  for	  fractionation)	  
measured	   14C	   results	   (calculated	   as	   14aS	   value,	   reported	   in	   pMC)	   of	   different	   bio-­‐fossil	  
samples	   (with	  bioC	   fractions	   ranging	  between	  0	  and	  100%)	  are	  shown	   in	  Tables	  3.8	  and	  
3.9.	  The	  chosen	  values	  for	  theoretical	  cases	  1	  and	  2	  (Table	  3.7)	  are	  identical	  to	  the	  values	  
of	  the	  experimental	  cases	  1	  and	  2	  respectively.	  
Figure	   3.2	   shows	   the	   absolute	   deviations	   in	   the	   calculated	   bioC	   fractions	   for	   the	  
different	  investigated	  experimental	  and	  theoretical	  cases.	  
	  
Table	   3.7.	   δ13C	   values	   of	   bioC	   and	   fossilC	   fractions	   and	   14Cbio	   values,	   used	   to	   calculate	  
deviations	  in	  different	  bioC	  fractions	  of	  theoretical	  bio-­‐fossil	  carbon	  mixtures.	  
	   δ13C100%	  fossilC	  	  (‰)	   δ
13C100%	  bioC	  	  	  (‰)	  
14Cbio	  (pmC)	  
Theor.	  &	  no	  corr.	  case	  1	   -­‐28.38	   -­‐61.24	   104.0	  
Theor.	  &	  no	  corr.	  case	  2	   -­‐39.86	   -­‐39.20	   102.3	  
Theor.	  case	  3	   -­‐50.00	   -­‐30.00	   100.0	  
Theor.	  case	  4	   -­‐30.00	   -­‐40.00	   100.0	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 Table	   3.8.	   Measured	   δ13C	   and	   14aS	   values	   of	   experimental	   case	   1:	   CO2	   mixtures	   of	  
combusted	  Landfill_1	  biogas	   (δ13CIRMS	  =	   -­‐61.24‰	  and	  
14Cbio	  =104.0	  pmC)	  and	  combusted	  
Groningen	   natural	   gas	   (δ13CIRMS	   =	   -­‐28.38‰).	   Samples	   1	   and	   11	   show	   the	   values	   for	   the	  
100%	  fossilC	  sample	  and	  100%	  bioC	  sample,	  respectively.	  
	   14aS	  (pMC)	   ±	   δ13CIRMS	  	  (‰)	   δ
13CAMS	  	  (‰)	  
1	  (0%	  bioC)	   0.05	   0.04	   -­‐28.38	   -­‐28.8	  
2	   2.80	   0.05	   -­‐29.19	   -­‐28.0	  
3	   5.50	   0.07	   -­‐30.12	   -­‐31.7	  
4	   6.40	   0.08	   -­‐30.42	   -­‐28.2	  
5	   22.7	   0.1	   -­‐36.57	   -­‐36.4	  
6	   45.8	   0.2	   -­‐43.98	   -­‐45.6	  
7	   64.5	   0.3	   -­‐49.94	   -­‐50.2	  
8	   70.1	   0.3	   -­‐52.59	   -­‐50.1	  
9	   90.7	   0.4	   -­‐59.28	   -­‐59.2	  
10	   95.6	   0.4	   -­‐61.03	   -­‐60.0	  
11	  (100%	  bioC)	   96.1	   0.5	   -­‐61.24	   -­‐62.6	  
	  
	  
Table	   3.9.	   Measured	   δ13C	   and	   14aS	   values	   of	   experimental	   case	   2:	   CO2	   mixtures	   of	  
combusted	  Sugar_beet	  biogas	  (δ13CIRMS	  =	  -­‐39.20‰	  and	  
14Cbio=	  102.3	  pmC)	  and	  combusted	  
Norway	  natural	  gas	  (δ13CIRMS	  =	  -­‐39.86‰).	  Samples	  1	  and	  12	  show	  the	  values	  for	  the	  100%	  
fossilC	  sample	  and	  100%	  bioC	  sample,	  respectively.	  	  
	   14aS	  (pMC)	   ±	   δ13CIRMS	  (‰)	   δ
13CAMS	  	  (‰)	  
1	  (0%	  bioC)	   0.16	   0.06	   -­‐39.86	   -­‐40.1	  
2	   1.72	   0.05	   -­‐39.80	   -­‐39.4	  
3	   6.40	   0.08	   -­‐39.51	   -­‐40.7	  
4	   28.5	   0.2	   -­‐39.62	   -­‐41.0	  
5	   31.2	   0.2	   -­‐39.63	   -­‐37.6	  
6	   32.1	   0.2	   -­‐39.60	   -­‐39.1	  
7	   46.5	   0.2	   -­‐39.48	   -­‐40.8	  
8	   69.3	   0.3	   -­‐39.41	   -­‐39.6	  
9	   91.6	   0.4	   -­‐39.42	   -­‐38.7	  
10	   93.5	   0.4	   -­‐39.26	   -­‐38.7	  
11	   95.3	   0.4	   -­‐39.13	   -­‐39.8	  




Isotope	  fractionation	  correction	  based	  on	  the	  δ13C	  value	  of	  bio-­‐fossil	  mixtures,	  instead	  
of	   the	   δ13C	   value	   of	   the	   bioC	   fraction	   alone,	   results	   in	   systematic	   deviations	   when	  
calculating	   the	   bioC	   fraction	   of	   a	   sample.	   These	   deviations	   increase	   with	   increasing	  
difference	  between	  δ13CbioC	  and	  δ
13CfossilC,	  and	  are	  maximal	  for	  samples	  with	  50%	  bioC.	  The	  
calculated	  bioC	  fraction	  decreases	  due	  to	  this	  deviation	  if	  δ13CbioC	  <	  δ
13CfossilC	  and	  increases	  
if	   δ13CbioC	   >	   δ
13CfossilC.	   There	   is	   no	   deviation	   in	   the	   calculated	   bioC	   fraction	   if	   δ
13CbioC	   =	  
δ13CfossilC,	   as	   is	   also	   shown	   by	   experimental	   case	   2	   and	   theoretical	   case	   2.	   As	   the	   δ
13C	  
values	  of	  biogas	  and	  natural	  gas	  can	  vary	  considerably,	  but	  will	  in	  general	  not	  differ	  more	  
than	  50‰	  (theor.	  case	  5),	  absolute	  deviations	  in	  a	  calculated	  bioC	  fraction	  between	  0	  and	  
±	  2.5%	  can	  be	  expected	  for	  bio-­‐fossil	  gas	  mixtures	  with	  unknown	  δ13C	  values	  of	  the	  bioC	  
and	  fossilC	  fractions.	  
	  
If	   no	   isotope	   fractionation	   correction	   is	   applied	   (published	   LSC	   measurements	   are	  
often	  not	  corrected	  for	  isotope	  fractionation	  and	  the	  application	  of	  the	  correction	  is	  often	  
questioned	   by	   users	   of	   LSC-­‐based	   14C-­‐data),	   the	   systematic	   deviation	   in	   the	   calculated	  
bioC	   fraction	   increases	   with	   increasing	   difference	   between	   the	   δ13CbioC	   value	   of	   the	  
investigated	   sample	   and	   δ13CN	   (the	   normalized	   δ
13C	   value	   of	   -­‐25‰).	   The	   absolute	  
deviation	  increases	  with	  increasing	  bioC	  fraction,	  is	  maximal	  at	  100%	  bioC	  and	  can	  be	  up	  
to	   -­‐10%	   for	   biogases.	   Especially	   if	   biogas	   samples	   are	   verified	   for	   their	   bioC	   content	  
(verification	  of	  100%	  bioC),	  no	   fractionation	  correction	  of	   the	  measured	  14C	  value	   in	   the	  




 Table	   3.8.	   Measured	   δ13C	   and	   14aS	   values	   of	   experimental	   case	   1:	   CO2	   mixtures	   of	  
combusted	  Landfill_1	  biogas	   (δ13CIRMS	  =	   -­‐61.24‰	  and	  
14Cbio	  =104.0	  pmC)	  and	  combusted	  
Groningen	   natural	   gas	   (δ13CIRMS	   =	   -­‐28.38‰).	   Samples	   1	   and	   11	   show	   the	   values	   for	   the	  
100%	  fossilC	  sample	  and	  100%	  bioC	  sample,	  respectively.	  
	   14aS	  (pMC)	   ±	   δ13CIRMS	  	  (‰)	   δ
13CAMS	  	  (‰)	  
1	  (0%	  bioC)	   0.05	   0.04	   -­‐28.38	   -­‐28.8	  
2	   2.80	   0.05	   -­‐29.19	   -­‐28.0	  
3	   5.50	   0.07	   -­‐30.12	   -­‐31.7	  
4	   6.40	   0.08	   -­‐30.42	   -­‐28.2	  
5	   22.7	   0.1	   -­‐36.57	   -­‐36.4	  
6	   45.8	   0.2	   -­‐43.98	   -­‐45.6	  
7	   64.5	   0.3	   -­‐49.94	   -­‐50.2	  
8	   70.1	   0.3	   -­‐52.59	   -­‐50.1	  
9	   90.7	   0.4	   -­‐59.28	   -­‐59.2	  
10	   95.6	   0.4	   -­‐61.03	   -­‐60.0	  
11	  (100%	  bioC)	   96.1	   0.5	   -­‐61.24	   -­‐62.6	  
	  
	  
Table	   3.9.	   Measured	   δ13C	   and	   14aS	   values	   of	   experimental	   case	   2:	   CO2	   mixtures	   of	  
combusted	  Sugar_beet	  biogas	  (δ13CIRMS	  =	  -­‐39.20‰	  and	  
14Cbio=	  102.3	  pmC)	  and	  combusted	  
Norway	  natural	  gas	  (δ13CIRMS	  =	  -­‐39.86‰).	  Samples	  1	  and	  12	  show	  the	  values	  for	  the	  100%	  
fossilC	  sample	  and	  100%	  bioC	  sample,	  respectively.	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   ±	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  (‰)	   δ
13CAMS	  	  (‰)	  
1	  (0%	  bioC)	   0.16	   0.06	   -­‐39.86	   -­‐40.1	  
2	   1.72	   0.05	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   6.40	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   -­‐40.7	  
4	   28.5	   0.2	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   -­‐41.0	  
5	   31.2	   0.2	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   0.2	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7	   46.5	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8	   69.3	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10	   93.5	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   -­‐38.7	  
11	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   0.4	   -­‐39.13	   -­‐39.8	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   are	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   difference	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   of	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  increases	  with	  increasing	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   for	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   Especially	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   samples	   are	   verified	   for	   their	   bioC	   content	  
(verification	  of	  100%	  bioC),	  no	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  results.	  
	  




Figure	   3.2.	   Absolute	   deviations	   in	   the	   calculated	   bioC	   fraction	   (%)	   for	   two	   experimental	  
(exp.)	   and	   five	   theoretical	   cases	   (theor.)	   in	   which	   the	   measured	   14C	   value	   has	   been	  
corrected	  for	  isotope	  fractionation	  based	  on	  the	  δ13C	  value	  of	  the	  bio-­‐fossil	  sample	  instead	  
of	   the	   δ13C	   value	   of	   the	   bioC	   fraction	   in	   the	   sample	   alone.	   The	   figure	   also	   shows	   the	  
absolute	   deviation	   in	   the	   bioC	   fraction	   for	   two	   cases	   in	   which	   no	   isotope	   fractionation	  
correction	  has	  been	  applied	  at	  all	   (no	  corr.;	  mind	  the	  different	  y-­‐axis	  scale).	   In	  the	  figure	  
text,	  ‘b-­‐61_f-­‐28’	  means	  a	  δ13C	  value	  of	  -­‐61‰	  for	  the	  bioC	  fraction	  and	  δ13C	  value	  of	  -­‐28‰	  









3.4.7	  Accuracy	  of	  the	  14C	  method	  for	  biogas/natural	  gas	  fuel	  mixtures	  
In	  the	  previous	  sections,	  two	  principle	  sources	  of	  error	  in	  the	  calculated	  bioC	  fraction	  
have	  been	  demonstrated	  for	  bio-­‐fossil	  gas	  mixtures:	  the	  uncertainty	  in	  the	  14Cbio	  value	  and	  
deviations	  due	  to	  isotope	  fractionation	  correction.	  These	  error	  sources	  are	  part	  of	  the	  14C	  
method	   to	   determine	   the	   bioC	   fraction,	   irrespective	   of	   the	   14C	  measurement	   technique	  
used	   or	   the	   investigated	   bio-­‐fossil	   carbon	  material.	   The	   quantity	   of	   the	   possible	   errors,	  
however,	  depends	  on	   these	   latter	   factors	  as	  well.	  Results	  are	  presented	   that	  have	  been	  
measured	  with	  AMS,	  which	  has,	  compared	  to	  LSC	  14C	  measurements	  (Norton	  and	  Devlin,	  
2006),	   a	   relatively	   low	   measurement	   uncertainty.	   Reported	   uncertainties	   in	   calculated	  
bioC	  fractions	  based	  on	  AMS	  14C	  measurements	  are	  therefore	  more	  accurate	  and	  are	  not	  
representative	   for	   the	   results	   based	   on	   LSC	   measurements.	   The	   accuracy	   of	   the	   14C	  
method	  varies	  between	  the	  different	  14C	  measurement	  techniques.	  This	  should	  be	  taken	  
into	  account	  in	  the	  use	  of	  this	  application	  for	  verification	  purposes.	  
	  
Figure	   3.3	   gives	   an	   overview	   (theoretical	   cases)	   of	   possible	   errors	   in	   the	   calculated	  
bioC	   fraction	   for	   two	   groups	   of	   bio-­‐fossil	   gas	  mixtures,	   if	  measured	  with	  AMS,	   using	   an	  
approximated	   reference	   value	   for	   100%	   bioC	   and	   with	   unknown	   δ13C	   values	   of	   the	  
separate	  bio-­‐fossil	   fractions.	  Table	  3.4	  defines	  different	  biogas	  groups.	  Each	  group	  has	  a	  
certain	  uncertainty	   in	   14Cbio.	  Group	  1,	  biogases	  with	  known	  harvest	   year,	  has	   the	   lowest	  
uncertainty	   and	   group	   4,	   landfill	   biogas,	   has	   the	   highest	   uncertainty.	   In	   Figure	   3.3,	   the	  
results	  of	  both	  groups	  together	  show	  the	  range	  of	  possible	  errors	  in	  the	  14C-­‐based	  method	  
to	  calculate	  bioC	  fractions	  for	  bio-­‐fossil	  gas	  mixtures.	  The	  possible	  errors	  given	  for	  groups	  
1	  and	  4	  are	  a	   combination	  of	   the	   (1σ)	  uncertainties	   in	   the	   14C	  measurement	  and	   in	   the	  
approximated	  14Cbio	  value	  and	  the	  uncertainty	  in	  the	  size	  of	  the	  deviation	  due	  to	  possible	  
incorrect	  isotope	  fractionation.	  
The	  case	  ‘Measurement	  uncertainty’	  (‘meas.	  uncer.’	  in	  the	  graph)	  shows	  the	  1σ	  range	  
of	   the	   random	   variation	   in	   the	   calculated	   bioC	   fraction	   due	   to	   the	   AMS	  measurement	  
uncertainty	  alone.	  The	  values	  14Csample	  and	  
14Cbio	  in	  the	  calculation	  of	  the	  bioC	  fraction	  (eq.	  
1.3)	  are	  in	  this	  case	  both	  directly	  measured	  with	  AMS.	  The	  error	  increases	  with	  increasing	  
bioC	  fraction	  and	  is	  in	  our	  study	  maximal	  0.7%.	  This	  is	  the	  minimal	  (1σ)	  error	  in	  calculated	  





Figure	   3.2.	   Absolute	   deviations	   in	   the	   calculated	   bioC	   fraction	   (%)	   for	   two	   experimental	  
(exp.)	   and	   five	   theoretical	   cases	   (theor.)	   in	   which	   the	   measured	   14C	   value	   has	   been	  
corrected	  for	  isotope	  fractionation	  based	  on	  the	  δ13C	  value	  of	  the	  bio-­‐fossil	  sample	  instead	  
of	   the	   δ13C	   value	   of	   the	   bioC	   fraction	   in	   the	   sample	   alone.	   The	   figure	   also	   shows	   the	  
absolute	   deviation	   in	   the	   bioC	   fraction	   for	   two	   cases	   in	   which	   no	   isotope	   fractionation	  
correction	  has	  been	  applied	  at	  all	   (no	  corr.;	  mind	  the	  different	  y-­‐axis	  scale).	   In	  the	  figure	  
text,	  ‘b-­‐61_f-­‐28’	  means	  a	  δ13C	  value	  of	  -­‐61‰	  for	  the	  bioC	  fraction	  and	  δ13C	  value	  of	  -­‐28‰	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  demonstrated	  for	  bio-­‐fossil	  gas	  mixtures:	  the	  uncertainty	  in	  the	  14Cbio	  value	  and	  
deviations	  due	  to	  isotope	  fractionation	  correction.	  These	  error	  sources	  are	  part	  of	  the	  14C	  
method	   to	   determine	   the	   bioC	   fraction,	   irrespective	   of	   the	   14C	  measurement	   technique	  
used	   or	   the	   investigated	   bio-­‐fossil	   carbon	  material.	   The	   quantity	   of	   the	   possible	   errors,	  
however,	  depends	  on	   these	   latter	   factors	  as	  well.	  Results	  are	  presented	   that	  have	  been	  
measured	  with	  AMS,	  which	  has,	  compared	  to	  LSC	  14C	  measurements	  (Norton	  and	  Devlin,	  
2006),	   a	   relatively	   low	   measurement	   uncertainty.	   Reported	   uncertainties	   in	   calculated	  
bioC	  fractions	  based	  on	  AMS	  14C	  measurements	  are	  therefore	  more	  accurate	  and	  are	  not	  
representative	   for	   the	   results	   based	   on	   LSC	   measurements.	   The	   accuracy	   of	   the	   14C	  
method	  varies	  between	  the	  different	  14C	  measurement	  techniques.	  This	  should	  be	  taken	  
into	  account	  in	  the	  use	  of	  this	  application	  for	  verification	  purposes.	  
	  
Figure	   3.3	   gives	   an	   overview	   (theoretical	   cases)	   of	   possible	   errors	   in	   the	   calculated	  
bioC	   fraction	   for	   two	   groups	   of	   bio-­‐fossil	   gas	  mixtures,	   if	  measured	  with	  AMS,	   using	   an	  
approximated	   reference	   value	   for	   100%	   bioC	   and	   with	   unknown	   δ13C	   values	   of	   the	  
separate	  bio-­‐fossil	   fractions.	  Table	  3.4	  defines	  different	  biogas	  groups.	  Each	  group	  has	  a	  
certain	  uncertainty	   in	   14Cbio.	  Group	  1,	  biogases	  with	  known	  harvest	  year,	  has	   the	   lowest	  
uncertainty	   and	   group	   4,	   landfill	   biogas,	   has	   the	   highest	   uncertainty.	   In	   Figure	   3.3,	   the	  
results	  of	  both	  groups	  together	  show	  the	  range	  of	  possible	  errors	  in	  the	  14C-­‐based	  method	  
to	  calculate	  bioC	  fractions	  for	  bio-­‐fossil	  gas	  mixtures.	  The	  possible	  errors	  given	  for	  groups	  
1	  and	  4	  are	  a	   combination	  of	   the	   (1σ)	  uncertainties	   in	   the	   14C	  measurement	  and	   in	   the	  
approximated	  14Cbio	  value	  and	  the	  uncertainty	  in	  the	  size	  of	  the	  deviation	  due	  to	  possible	  
incorrect	  isotope	  fractionation.	  
The	  case	  ‘Measurement	  uncertainty’	  (‘meas.	  uncer.’	  in	  the	  graph)	  shows	  the	  1σ	  range	  
of	   the	   random	   variation	   in	   the	   calculated	   bioC	   fraction	   due	   to	   the	   AMS	  measurement	  
uncertainty	  alone.	  The	  values	  14Csample	  and	  
14Cbio	  in	  the	  calculation	  of	  the	  bioC	  fraction	  (eq.	  
1.3)	  are	  in	  this	  case	  both	  directly	  measured	  with	  AMS.	  The	  error	  increases	  with	  increasing	  
bioC	  fraction	  and	  is	  in	  our	  study	  maximal	  0.7%.	  This	  is	  the	  minimal	  (1σ)	  error	  in	  calculated	  
bioC	  fractions	  as	  determined	  with	  the	  14C	  method.	  
	  




Figure	   3.3.	   Ranges	   of	   possible	   (±)	   errors	   in	   the	   calculated	   bioC	   fraction	   (%),	   which	   are	  
typical	  for	  specific	  biogas	  and	  bio-­‐fossil	  gas	  mixtures	  if	  measured	  with	  AMS.	  Cases	  1	  and	  2	  
represent	  bio-­‐fossil	  gas	  mixtures	  with	  biogas	  from	  group	  1	  (as	  defined	  in	  Table	  3.4).	  Cases	  
3	   and	   4	   represent	   mixtures	   with	   biogas	   from	   group	   4.	   In	   the	   figure	   text:	   “meas”	   is	  
‘measurement	  uncertainty’,	  “ref”	  is	  the	  uncertainty	  in	  the	  estimated	  100%	  bioC	  reference	  
value,	  and	  “frac”	  is	  the	  the	  systematic	  error	  in	  the	  isotope	  fractionation	  correction.	  
	  
Cases	  1	  and	  2	   show	  the	   results	   for	  biogases	  of	  group	  1	  and	  cases	  3	  and	  4	   represent	  
wood-­‐based	   and	   landfill	   biogases	   (group	   4).	   In	   these	   cases,	   the	   uncertainty	   in	   the	  
approximated	  14Cbio	  values	  is	  ±	  0.5	  pmC	  for	  cases	  1	  and	  2	  and	  ±	  4	  pmC	  for	  cases	  3	  and	  4	  
(using	  Table	  3.5).	   The	  possible	  deviation	   in	   the	  calculated	  bioC	   fraction	  due	   to	   incorrect	  
isotope	   fractionation	   (if	   the	  δ13C	  values	  of	   the	   separate	  bioC	  and	   fossilC	   fractions	   in	   the	  
sample	  are	  unknown)	  varies	  between	  0	  (δ13CbioC	  =	  δ
13CfossilC;	  cases	  1	  and	  3)	  and	  a	  certain	  
expected	  maximum	  value	   that	  depends	  on	   the	  possible	  difference	  between	  δ13CbioC	   and	  
δ13CfossilC	   for	  the	  investigated	  type	  of	  sample	  material	  (δ
13CbioC	  ≠	  δ
13CfossilC;	  cases	  2	  and	  4).	  
The	  differences	   in	  δ13C	  values	  between	   the	  biogenic	  and	   fossil	   gases	   investigated	   in	   this	  
 
study	   range	   from	   +10	   and	   -­‐33‰.	   Differences	   up	   to	   50‰	   may	   be	   possible,	   but	   these	  
differences	  will	  not	  occur	  often.	  Differences	  up	   to	  +40‰	  and	   -­‐40‰	  are	  more	   likely	  and	  
these	  both	  values	  have	  therefore	  been	  used	  in	  the	  calculation	  of	  the	  uncertainty	  range	  for	  
cases	   2	   and	   4.	   Cases	   1	   and	   3	   represent	   the	  minimal	   uncertainty	   in	   the	   calculated	   bioC	  
fraction	   for	   bio-­‐fossil	   gas	   mixtures	   for	   groups	   1	   and	   4,	   respectively.	   For	   biogases	   with	  
harvest	  years	  <	  2	  yr	  or	  <	  10	  yr	  before	  digestion	  (in	  Table	  3.4:	  groups	  2	  and	  3,	  respectively),	  
the	   results	   are	   in	   between	   those	   of	   groups	   1	   and	   4.	   Cases,	   for	   which	   no	   isotope	  
fractionation	  correction	  has	  been	  applied,	  are	  not	  shown	   in	  this	   figure	  (and	  would	  show	  
larger	  deviations,	  see	  fig.	  3.2).	  
	  
For	  verification	  whether	  biogases	  (especially	  its	  methane	  fraction)	  contain	  100%	  bioC,	  
the	  100%	  bioC	  fraction	  can	  be	  determined	  with	  an	  (1σ)	  uncertainty	  of	  ±	  0.7%,	  ±	  0.9%,	  ±	  
1.7	  and	  ±	  4%	  for	  the	  biogas	  groups	  1,	  2,	  3	  and	  4,	  respectively	  (Table	  3.4).	  	  
For	  bio-­‐fossil	  gas	  mixtures,	  the	  (partly	  1σ)	  errors	  in	  the	  calculated	  bioC	  fractions	  can	  be	  
up	  to	  ±	  2.5%	  (at	  bioC	  of	  50%),	  ±	  2.5%	  (at	  55%	  bioC),	  ±	  3.0%	  (at	  60%	  bioC)	  and	  ±	  4.5%	  (at	  



























Figure	   3.3.	   Ranges	   of	   possible	   (±)	   errors	   in	   the	   calculated	   bioC	   fraction	   (%),	   which	   are	  
typical	  for	  specific	  biogas	  and	  bio-­‐fossil	  gas	  mixtures	  if	  measured	  with	  AMS.	  Cases	  1	  and	  2	  
represent	  bio-­‐fossil	  gas	  mixtures	  with	  biogas	  from	  group	  1	  (as	  defined	  in	  Table	  3.4).	  Cases	  
3	   and	   4	   represent	   mixtures	   with	   biogas	   from	   group	   4.	   In	   the	   figure	   text:	   “meas”	   is	  
‘measurement	  uncertainty’,	  “ref”	  is	  the	  uncertainty	  in	  the	  estimated	  100%	  bioC	  reference	  
value,	  and	  “frac”	  is	  the	  the	  systematic	  error	  in	  the	  isotope	  fractionation	  correction.	  
	  
Cases	  1	  and	  2	   show	  the	   results	   for	  biogases	  of	  group	  1	  and	  cases	  3	  and	  4	   represent	  
wood-­‐based	   and	   landfill	   biogases	   (group	   4).	   In	   these	   cases,	   the	   uncertainty	   in	   the	  
approximated	  14Cbio	  values	  is	  ±	  0.5	  pmC	  for	  cases	  1	  and	  2	  and	  ±	  4	  pmC	  for	  cases	  3	  and	  4	  
(using	  Table	  3.5).	   The	  possible	  deviation	   in	   the	  calculated	  bioC	   fraction	  due	   to	   incorrect	  
isotope	   fractionation	   (if	   the	  δ13C	  values	  of	   the	   separate	  bioC	  and	   fossilC	   fractions	   in	   the	  
sample	  are	  unknown)	  varies	  between	  0	  (δ13CbioC	  =	  δ
13CfossilC;	  cases	  1	  and	  3)	  and	  a	  certain	  
expected	  maximum	  value	   that	  depends	  on	   the	  possible	  difference	  between	  δ13CbioC	   and	  
δ13CfossilC	   for	  the	  investigated	  type	  of	  sample	  material	  (δ
13CbioC	  ≠	  δ
13CfossilC;	  cases	  2	  and	  4).	  
The	  differences	   in	  δ13C	  values	  between	   the	  biogenic	  and	   fossil	   gases	   investigated	   in	   this	  
 
study	   range	   from	   +10	   and	   -­‐33‰.	   Differences	   up	   to	   50‰	   may	   be	   possible,	   but	   these	  
differences	  will	  not	  occur	  often.	  Differences	  up	   to	  +40‰	  and	   -­‐40‰	  are	  more	   likely	  and	  
these	  both	  values	  have	  therefore	  been	  used	  in	  the	  calculation	  of	  the	  uncertainty	  range	  for	  
cases	   2	   and	   4.	   Cases	   1	   and	   3	   represent	   the	  minimal	   uncertainty	   in	   the	   calculated	   bioC	  
fraction	   for	   bio-­‐fossil	   gas	   mixtures	   for	   groups	   1	   and	   4,	   respectively.	   For	   biogases	   with	  
harvest	  years	  <	  2	  yr	  or	  <	  10	  yr	  before	  digestion	  (in	  Table	  3.4:	  groups	  2	  and	  3,	  respectively),	  
the	   results	   are	   in	   between	   those	   of	   groups	   1	   and	   4.	   Cases,	   for	   which	   no	   isotope	  
fractionation	  correction	  has	  been	  applied,	  are	  not	  shown	   in	  this	   figure	  (and	  would	  show	  
larger	  deviations,	  see	  fig.	  3.2).	  
	  
For	  verification	  whether	  biogases	  (especially	  its	  methane	  fraction)	  contain	  100%	  bioC,	  
the	  100%	  bioC	  fraction	  can	  be	  determined	  with	  an	  (1σ)	  uncertainty	  of	  ±	  0.7%,	  ±	  0.9%,	  ±	  
1.7	  and	  ±	  4%	  for	  the	  biogas	  groups	  1,	  2,	  3	  and	  4,	  respectively	  (Table	  3.4).	  	  
For	  bio-­‐fossil	  gas	  mixtures,	  the	  (partly	  1σ)	  errors	  in	  the	  calculated	  bioC	  fractions	  can	  be	  
up	  to	  ±	  2.5%	  (at	  bioC	  of	  50%),	  ±	  2.5%	  (at	  55%	  bioC),	  ±	  3.0%	  (at	  60%	  bioC)	  and	  ±	  4.5%	  (at	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 3.5	  Conclusions	  and	  recommendations	  
This	  study	  measured	  the	  13C	  (δ13C)	  values	  and	  14Csample_measured	  values	  of	  eight	  different	  
biogas	   samples,	   three	   different	   natural	   gas	   samples	   and	   several	   bio-­‐fossil	   gas	  mixtures	  
with	  IRMS	  and	  AMS.	  The	  measured	  δ13C	  values	  varied	  between	  -­‐6	  and	  +31‰	  for	  the	  CO2	  
fractions	  of	  the	  biogases,	  between	  -­‐28	  and	  -­‐62‰	  for	  the	  combusted	  CH4	  fractions	  of	  the	  
biogases	  and	  between	  -­‐28	  and	  -­‐40‰	  for	   the	  combusted	  natural	  gases.	   14C	  values	  of	   the	  
investigated	  biogases	   varied	  between	  102	  and	  116	  pmC	  and	  were	  <0.2	  pmC	   for	  natural	  
gases.	  
A	  method	  is	  proposed	  to	  minimize	  the	  uncertainty	  in	  the	  calculated	  bioC	  fraction	  of	  a	  
biogas	  or	  bio-­‐fossil	  gas	  mixture,	  by	  dividing	  biogases	  into	  4	  different	  groups	  with	  different	  
uncertainty	   ranges.	   This	   method	   can	   be	   used	   for	   other	   bio-­‐fuels	   as	   well	   and	   we	  
recommend	   its	   adoption	   in	   several	   (international)	   standards.	   The	   uncertainty	   in	   the	  
calculated	   bioC	   fraction	   due	   to	   the	   uncertainty	   in	   the	   approximated	   14Cbio	   value	   varies	  
between	  ±	  0.5%	  and	  ±	  3.5%	  for	  the	  different	  defined	  biogas	  groups.	  	  
Systematic	   deviations	   arise	   in	   the	   calculated	   bioC	   fractions	   if	   in	   the	   isotope	  
fractionation	   correction	   the	  δ13C	   value	  of	   the	  mixed	  bio-­‐fossil	   sample	   is	   used	   instead	  of	  
the	   δ13C	   value	   of	   the	   bioC	   fraction	   alone.	   The	   size	   of	   this	   deviation	   increases	   with	  
increasing	   difference	   between	   the	   δ13C	   values	   of	   the	   bioC	   and	   fossilC	   fractions	   in	   the	  
sample.	  For	  bio-­‐fossil	   gas	  mixtures,	  differences	  can	  be	  up	   to	  50‰	  and	  deviations	   in	   the	  
calculated	  bioC	  fraction	  of	  up	  to	  ±	  2.5%	  (at	  50%	  bioC	  fraction)	  are	  therefore	  possible.	  If	  no	  
isotope	   fractionation	   correction	   is	   applied	   in	   the	   calculation	   of	   the	   bioC	   fraction	   for	  
biogases	   and	  bio-­‐fossil	   gas	  mixtures,	   the	  absolute	  error	   in	   the	  determined	  bioC	   fraction	  
can	  be	  up	  to	  -­‐8%.	  
The	   possible	   errors	   in	   the	   determined	   bioC	   fractions	   were	   determined	   for	   the	   four	  
biogas	  groups	  (Table	  3.4).	  These	  values	  represent	  samples	  measured	  with	  AMS,	  for	  which	  
an	   approximated	   14Cbio	   value	   is	   used	   and	   the	   δ13C	   values	   of	   the	   separate	   bio-­‐fossil	  
fractions	  are	  unknown.	  	  
For	   100%	  bioC-­‐verification	   of	   biogases	   (biomethane),	   the	   100%	  bioC	   fraction	   can	   be	  
determined	  with	  an	  (1σ)	  uncertainty	  of	  ±	  0.7%,	  ±	  0.9%,	  ±	  1.7	  and	  ±	  4%	  for	  the	  different	  
defined	  biogas	  groups	  1,	  2,	  3	  and	  4,	  respectively.	  	  
For	  bio-­‐fossil	  gas	  mixtures,	   the	  errors	   in	   the	  calculated	  bioC	   fractions	  can	  be	  up	   to	  ±	  
2.5%	  (at	  bioC	  of	  50%),	  ±	  2.5%	  (at	  55%	  bioC),	  ±	  3.0%	  (at	  60%	  bioC)	  and	  ±	  4.5%	  (at	  75%	  bioC)	  
for	  the	  biogas	  groups	  1,	  2,	  3	  and	  4,	  respectively.	  
Knowledge	   about	   the	   origin	   and	   composition	   of	   the	   organic	   material	   used	   in	   the	  
production	   of	   biogas	   is	   essential	   to	   minimize	   the	   uncertainties	   in	   the	   14C-­‐based	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 3.5	  Conclusions	  and	  recommendations	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  -­‐62‰	  for	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  minimize	  the	  uncertainty	  in	  the	  calculated	  bioC	  fraction	  of	  a	  
biogas	  or	  bio-­‐fossil	  gas	  mixture,	  by	  dividing	  biogases	  into	  4	  different	  groups	  with	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Radiocarbon-­‐based	  determination	  of	  biogenic	  
and	  fossil	  carbon	  partitioning	  in	  the	  production	  








The	  applicability	  of	  the	  radiocarbon	  (14C)	  method	  for	  the	  quantification	  of	  the	  biogenic	  
carbon	  fractions	  at	  different	  stages	  of	  the	  Synthetic	  Natural	  Gas	  (SNG)	  production	  process	  
is	  demonstrated	  in	  this	  study.	  The	  14C-­‐based	  biogenic	  carbon	  fractions	  were	  determined	  in	  
process	  flue	  gas	  and	  raw	  SNG	  and	  were	  38%	  and	  89%	  respectively,	  for	  a	  mixture	  of	  wood	  
and	  fossil	  lignite	  with	  75	  ±	  3%	  biogenic	  carbon	  as	  input	  material.	  The	  differences	  in	  
biogenic	  carbon	  fractions	  between	  the	  input	  material,	  flue	  gas	  and	  raw	  SNG	  are	  caused	  by	  
bio-­‐fossil	  carbon	  partitioning	  during	  the	  SNG	  production	  process.	  This	  study	  demonstrates	  
that	  the	  main	  bio-­‐fossil	  carbon	  partitioning	  took	  place	  during	  the	  gasification	  of	  the	  input	  
material.	  This	  is	  due	  to	  the	  large	  differences	  in	  volatility	  and	  char	  content	  of	  the	  wood	  and	  
lignite	  materials.	  For	  the	  determination,	  verification	  or	  certification	  of	  the	  biogenic	  carbon	  
fraction	  in	  process	  flue	  gas	  and	  (raw)	  SNG	  in	  the	  SNG	  production	  process,	  separate	  
investigations	  of	  the	  gases	  are	  inevitable.	  The	  14C	  method	  is	  a	  useful	  and	  reliable	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 4.1	  Introduction	  
Several	   policy	   measures,	   on	   international	   and	   national	   levels,	   aim	   to	   reduce	   fossil	  
carbon	   emissions.	   One	   of	   the	   applied	   measures	   is	   the	   financial	   stimulation	   of	   the	  
production	  and	  use	  of	  biomass-­‐based	  fuels,	  such	  as	  wood,	  bio-­‐diesel,	  bio-­‐ethanol	  and	  bio-­‐
methane,	  as	  alternatives	   for	   fossil	   fuels.	  As	  a	   consequence,	   the	  production	  of	  bio-­‐based	  
fuels	   has	   increased	   on	   a	   global	   scale	   over	   the	   last	   10	   years	   (webpage	   IEA).	   One	   of	   the	  
consequences	  of	  these	  developments	  involving	  financial	  interests	  is	  the	  need	  for	  methods	  
to	  independently	  determine,	  verify	  or	  certify	  the	  biogenic	  carbon	  fraction	  in	  fuels	  and	  CO2	  
containing	   process	   streams.	   The	   14C	   method,	   in	   which	   the	   carbon	   isotope	   14C	  
(radiocarbon)	   is	  used	  as	  a	  tracer	   for	  the	  fraction	  of	  biogenic	  carbon,	  has	  proven	   itself	  as	  
the	  most	   independent,	   accurate	   and	   suitable	   determination	  method	   for	  many	   different	  
fuel	  types	  and	  flue	  gases	  (Dijs	  et	  al.,	  2006;	  Mohn	  et	  al.,	  2008;	  Staber	  et	  al.,	  2008;	  Palstra	  
and	  Meijer,	  2010;	  Palstra	  and	  Meijer,	  2014).	  Several	   international	  standards	  (ASTM,	  CEN	  
and	  ISO)	  are	  already	  available	  to	  facilitate	   industrial	  companies	   in	  using	  the	  14C	  method	  
for	   the	   biogenic	   carbon	   fraction	   determination	   of	   different	   kind	   of	   materials	   (such	   as	  
CEN/TR	   15440	   for	   waste;	   ISO	   13833	   for	   flue	   gas	   CO2	   and	   CEN	   16640	   for	   bio-­‐based	  
materials	  in	  general).	  
	  
In	   this	   study	   the	   14C	   method	   is	   used	   to	   determine	   the	   biogenic	   carbon	   fraction	   in	  
Synthetic	  Natural	  gas	  (SNG).	  SNG	  is	  produced	  since	  the	  1960s	  from	  fossil	  materials	  such	  as	  
coal	   and	   lignite	   (Kopyscinski	   et	   al.,	   2010).	   Recently,	   it	   has	   become	   popular	   in	   China,	   as	  
shown	   by	   Ding	   et	   al.	   (2010).	   However,	   due	   to	   the	   increased	   interest	   in	   producing	   and	  
using	   bio-­‐based	   fuels,	   the	   SNG	   production	   from	   biomass	   materials	   is	   now	   also	  
investigated.	  As	  biomass-­‐based	  materials	  differ	   in	  chemical	  and	  physical	  properties	   from	  
the	   conventionally	   used	   fossil	   materials,	   new	   SNG	   production	   processes	   suitable	   for	  
biomass-­‐based	  materials	   are	   developed	   and	   tested.	   There	   are	   currently	   several	   (mainly	  
European)	  demonstration	  projects	  for	  bio-­‐based	  SNG	  (Kopyscinski	  et	  al.,	  2010),	  but	  there	  
are	  no	  large-­‐scale	  production	  plants	  yet.	  	  
	  
Beside	   pure	   fossil	   and	   pure	   biomass-­‐based	   materials,	   mixed	   biogenic	   and	   fossil	  
materials	   and	   mixed	   waste	   streams	   can	   also	   be	   used	   for	   SNG	   production	   (website	  
“Swindon”;	  Van	  der	  Meijden	  et	  al.	  2011).	  These	  mixed	  input	  materials	  offer	  the	  possibility	  
to	   obtain	   SNG	   that	   is	   partly	   bio-­‐based,	  while	   the	   costs	   of	   the	   used	  materials	   are	   lower	  
compared	  to	  the	  use	  of	  pure	  biomass.	  To	  optimise	  these	  co-­‐gasification	  processes,	  the	  14C	  
method	   can	   be	   very	   helpful	   to	   investigate	   the	   (probably	   different)	   partitioning	   of	   bio-­‐
based	   and	   fossil-­‐based	   carbon	   along	   the	   SNG	   process.	   Other	   applications	   of	   the	   14C	  
method	  in	  the	  production	  of	  (partly)	  bio-­‐based	  SNG	  are	  the	  determination	  of	  the	  biogenic	  
carbon	   content	   in	   the	   final	   SNG	   product	   and/or	   in	   the	   flue	   gas	   CO2	   emissions	   of	   the	  
production	   plant.	   	   For	   producers	   and	   large	   purchasers	   of	   SNG	   it	   can	   be	   of	   (financial)	  
 
interest	  to	  determine	  the	  fraction	  of	  biogenic	  methane	  in	  the	  obtained	  SNG	  product	  if	  this	  
product	   is	  to	  be	  sold	  on	  the	  energy	  market.	  Due	  to	  the	  global	  demand	  for	  reductions	  of	  
fossil	   CO2	   emissions	   and	   increasing	   demand	   for	   biofuels	   (website	   IEA),	   partly	   bio-­‐based	  
SNG	  can	  be	  favoured	  above	  fossil	  SNG	  by	  customers.	  A	  quantified	  biogenic	  carbon	  fraction	  
could	  then	  enhance	  the	  selling	  of	  the	  product.	  Standards	  ASTM	  6866	  and	  CEN/TS	  16440	  
can	   be	   used	   for	   the	   biogenic	   carbon	   fraction	   determination	   of	   gas	   samples.	   For	   SNG	  
producers	  with	   large	   CO2	   emissions	   at	   the	   production	   site	   that	   need	   to	   be	   reported	   to	  
national	  emission	  authorities,	   it	   can	  be	  of	   interest	   to	  determine	   the	   fraction	  of	  biogenic	  
CO2	   emissions	   with	   the	  
14C	   method	   (ISO	   13833),	   if	   these	   emissions	   have	   been	   made	  
financially	   more	   attractive	   than	   fossil	   CO2	   emissions	   (examples	   of	   these	   kinds	   of	  
regulations	  within	  the	  European	  Union:	  2007/589/EC,	  2009/29/EC,	  2011/540/EC).	  
	  
The	   first	   aim	   of	   this	   study	   is	   to	   demonstrate	   the	   applicability	   of	   the	   14C	  method	   for	  
quantifying	   the	   biogenic	   carbon	   fractions	   in	   two	   different	   gas	   streams	   of	   the	   SNG	  
production	   process	   (raw	   SNG	   and	   process	   flue	   gas),	   when	   a	   mixture	   of	   biomass	   and	  
material	   of	   fossil	   origin	   is	   used	   as	   input	   material.	   The	   second	   aim	   is	   to	   investigate	  
differences	  in	  biogenic	  carbon	  fractions	  between	  the	  input	  material,	  the	  process	  flue	  gas	  
and	   raw	   SNG.	   If	   fossil	   and	   biogenic	   input	   materials	   differ	   in	   chemical	   composition	   and	  
properties	  (such	  as	  carbon	  content,	  volatility	  and	  combustion	  temperature),	  the	  biogenic	  
and	  fossil	  carbon	  fractions	  do	  not	  end	  up	  proportionally	   in	  the	  carbon-­‐containing	  output	  
streams	  of	  the	  SNG	  process	  (e.g.	  flue	  gas,	  ash,	  tar,	  raw	  SNG).	  This	  is	  defined	  here	  as	  bio-­‐
fossil	  carbon	  partitioning.	  Bio-­‐fossil	  carbon	  partitioning	   is	  demonstrated	  in	  this	  paper	  for	  
the	  investigated	  SNG	  production	  process	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 4.1	  Introduction	  
Several	   policy	   measures,	   on	   international	   and	   national	   levels,	   aim	   to	   reduce	   fossil	  
carbon	   emissions.	   One	   of	   the	   applied	   measures	   is	   the	   financial	   stimulation	   of	   the	  
production	  and	  use	  of	  biomass-­‐based	  fuels,	  such	  as	  wood,	  bio-­‐diesel,	  bio-­‐ethanol	  and	  bio-­‐
methane,	  as	  alternatives	   for	   fossil	   fuels.	  As	  a	   consequence,	   the	  production	  of	  bio-­‐based	  
fuels	   has	   increased	   on	   a	   global	   scale	   over	   the	   last	   10	   years	   (webpage	   IEA).	   One	   of	   the	  
consequences	  of	  these	  developments	  involving	  financial	  interests	  is	  the	  need	  for	  methods	  
to	  independently	  determine,	  verify	  or	  certify	  the	  biogenic	  carbon	  fraction	  in	  fuels	  and	  CO2	  
containing	   process	   streams.	   The	   14C	   method,	   in	   which	   the	   carbon	   isotope	   14C	  
(radiocarbon)	   is	  used	  as	  a	  tracer	   for	  the	  fraction	  of	  biogenic	  carbon,	  has	  proven	   itself	  as	  
the	  most	   independent,	   accurate	   and	   suitable	   determination	  method	   for	  many	   different	  
fuel	  types	  and	  flue	  gases	  (Dijs	  et	  al.,	  2006;	  Mohn	  et	  al.,	  2008;	  Staber	  et	  al.,	  2008;	  Palstra	  
and	  Meijer,	  2010;	  Palstra	  and	  Meijer,	  2014).	  Several	   international	  standards	  (ASTM,	  CEN	  
and	  ISO)	  are	  already	  available	  to	  facilitate	   industrial	  companies	   in	  using	  the	  14C	  method	  
for	   the	   biogenic	   carbon	   fraction	   determination	   of	   different	   kind	   of	   materials	   (such	   as	  
CEN/TR	   15440	   for	   waste;	   ISO	   13833	   for	   flue	   gas	   CO2	   and	   CEN	   16640	   for	   bio-­‐based	  
materials	  in	  general).	  
	  
In	   this	   study	   the	   14C	   method	   is	   used	   to	   determine	   the	   biogenic	   carbon	   fraction	   in	  
Synthetic	  Natural	  gas	  (SNG).	  SNG	  is	  produced	  since	  the	  1960s	  from	  fossil	  materials	  such	  as	  
coal	   and	   lignite	   (Kopyscinski	   et	   al.,	   2010).	   Recently,	   it	   has	   become	   popular	   in	   China,	   as	  
shown	   by	   Ding	   et	   al.	   (2010).	   However,	   due	   to	   the	   increased	   interest	   in	   producing	   and	  
using	   bio-­‐based	   fuels,	   the	   SNG	   production	   from	   biomass	   materials	   is	   now	   also	  
investigated.	  As	  biomass-­‐based	  materials	  differ	   in	  chemical	  and	  physical	  properties	   from	  
the	   conventionally	   used	   fossil	   materials,	   new	   SNG	   production	   processes	   suitable	   for	  
biomass-­‐based	  materials	   are	   developed	   and	   tested.	   There	   are	   currently	   several	   (mainly	  
European)	  demonstration	  projects	  for	  bio-­‐based	  SNG	  (Kopyscinski	  et	  al.,	  2010),	  but	  there	  
are	  no	  large-­‐scale	  production	  plants	  yet.	  	  
	  
Beside	   pure	   fossil	   and	   pure	   biomass-­‐based	   materials,	   mixed	   biogenic	   and	   fossil	  
materials	   and	   mixed	   waste	   streams	   can	   also	   be	   used	   for	   SNG	   production	   (website	  
“Swindon”;	  Van	  der	  Meijden	  et	  al.	  2011).	  These	  mixed	  input	  materials	  offer	  the	  possibility	  
to	   obtain	   SNG	   that	   is	   partly	   bio-­‐based,	  while	   the	   costs	   of	   the	   used	  materials	   are	   lower	  
compared	  to	  the	  use	  of	  pure	  biomass.	  To	  optimise	  these	  co-­‐gasification	  processes,	  the	  14C	  
method	   can	   be	   very	   helpful	   to	   investigate	   the	   (probably	   different)	   partitioning	   of	   bio-­‐
based	   and	   fossil-­‐based	   carbon	   along	   the	   SNG	   process.	   Other	   applications	   of	   the	   14C	  
method	  in	  the	  production	  of	  (partly)	  bio-­‐based	  SNG	  are	  the	  determination	  of	  the	  biogenic	  
carbon	   content	   in	   the	   final	   SNG	   product	   and/or	   in	   the	   flue	   gas	   CO2	   emissions	   of	   the	  
production	   plant.	   	   For	   producers	   and	   large	   purchasers	   of	   SNG	   it	   can	   be	   of	   (financial)	  
 
interest	  to	  determine	  the	  fraction	  of	  biogenic	  methane	  in	  the	  obtained	  SNG	  product	  if	  this	  
product	   is	  to	  be	  sold	  on	  the	  energy	  market.	  Due	  to	  the	  global	  demand	  for	  reductions	  of	  
fossil	   CO2	   emissions	   and	   increasing	   demand	   for	   biofuels	   (website	   IEA),	   partly	   bio-­‐based	  
SNG	  can	  be	  favoured	  above	  fossil	  SNG	  by	  customers.	  A	  quantified	  biogenic	  carbon	  fraction	  
could	  then	  enhance	  the	  selling	  of	  the	  product.	  Standards	  ASTM	  6866	  and	  CEN/TS	  16440	  
can	   be	   used	   for	   the	   biogenic	   carbon	   fraction	   determination	   of	   gas	   samples.	   For	   SNG	  
producers	  with	   large	   CO2	   emissions	   at	   the	   production	   site	   that	   need	   to	   be	   reported	   to	  
national	  emission	  authorities,	   it	   can	  be	  of	   interest	   to	  determine	   the	   fraction	  of	  biogenic	  
CO2	   emissions	   with	   the	  
14C	   method	   (ISO	   13833),	   if	   these	   emissions	   have	   been	   made	  
financially	   more	   attractive	   than	   fossil	   CO2	   emissions	   (examples	   of	   these	   kinds	   of	  
regulations	  within	  the	  European	  Union:	  2007/589/EC,	  2009/29/EC,	  2011/540/EC).	  
	  
The	   first	   aim	   of	   this	   study	   is	   to	   demonstrate	   the	   applicability	   of	   the	   14C	  method	   for	  
quantifying	   the	   biogenic	   carbon	   fractions	   in	   two	   different	   gas	   streams	   of	   the	   SNG	  
production	   process	   (raw	   SNG	   and	   process	   flue	   gas),	   when	   a	   mixture	   of	   biomass	   and	  
material	   of	   fossil	   origin	   is	   used	   as	   input	   material.	   The	   second	   aim	   is	   to	   investigate	  
differences	  in	  biogenic	  carbon	  fractions	  between	  the	  input	  material,	  the	  process	  flue	  gas	  
and	   raw	   SNG.	   If	   fossil	   and	   biogenic	   input	   materials	   differ	   in	   chemical	   composition	   and	  
properties	  (such	  as	  carbon	  content,	  volatility	  and	  combustion	  temperature),	  the	  biogenic	  
and	  fossil	  carbon	  fractions	  do	  not	  end	  up	  proportionally	   in	  the	  carbon-­‐containing	  output	  
streams	  of	  the	  SNG	  process	  (e.g.	  flue	  gas,	  ash,	  tar,	  raw	  SNG).	  This	  is	  defined	  here	  as	  bio-­‐
fossil	  carbon	  partitioning.	  Bio-­‐fossil	  carbon	  partitioning	   is	  demonstrated	  in	  this	  paper	  for	  
the	  investigated	  SNG	  production	  process	  
The	  research	  was	  part	  of	  project	  A2	  ‘Agate-­‐1’	  of	  the	  green	  gas	  project	  EDGaR	  (Energy	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 4.2	  Methods	  
	  
4.2.1	  SNG	  sample	  information	  
The	  samples	  investigated	  in	  this	  study	  were	  obtained	  from	  an	  SNG	  production	  system	  
at	  the	  Energy	  research	  Centre	  of	  the	  Netherlands	  (ECN),	  in	  Petten.	  For	  the	  present	  study,	  
tests	  were	  performed	  with	  two	  different	  fuels:	  beech	  wood	  and	  a	  mixture	  of	  beech	  wood	  
and	   lignite.	   Figure	   4.1	   shows	   a	   scheme	   of	   this	   SNG	   production	   system.	   Essentially,	   the	  
system	  is	  the	  one	  shown	  in	  Figure	  5	  in	  van	  der	  Meijden	  et	  al.	  (2010),	  but	  without	  recycling	  
of	  ash	  and	  tar	  to	  the	  gasifier	  and	  without	  the	  final	  upgrading	  of	  raw	  SNG	  to	  remove	  H2O	  
and	  CO2.	  It	  consists	  of	  the	  MILENA	  allothermal	  gasifier,	  dust	  removal,	  OLGA	  tar	  removal,	  a	  
compression	  step,	  organic	  sulphur	  conversion	  (HDS)	  and	  sulphur	  removal,	  a	  pre-­‐reformer	  




































Figure	  4.1.	  Simplified	  SNG	  production	  scheme	  as	  applied	  for	  the	  experiments	  by	  ECN.	  For	  a	  
more	  elaborate	  scheme	  see	  van	  der	  Meijden	  et	  al.	  (2010).	  	  
	  
The	  MILENA	   gasifier	   consists	   of	   two	   sections,	   indicated	   by	   C	   and	   R	   in	   Figure	   4.1.	   In	  
section	  R,	  solid	  fuel	  is	  quickly	  heated	  by	  contact	  with	  hot	  bed	  material,	  which	  is	  fluidized	  
by	  a	  small	  amount	  of	  steam.	  The	  fuel	   is	  converted	  into	  producer	  gas	  and	  a	  solid	  carbon-­‐
rich	  residue,	  further	  called	  char.	  Bed	  material	  and	  char	  are	  transported	  to	  the	  combustion	  
section	   C.	   There,	   combustion	   of	   char	  with	   air	   produces	   flue	   gas	  with	   CO2	   and	   the	   heat	  
needed	  in	  section	  R.	  The	  producer	  gas	  consists	  mainly	  of	  the	  volatile	  fraction	  of	  the	  fuel	  
and	   some	   gas	   produced	   by	   reaction	   of	   char	   with	   steam.	   Table	   4.1	   lists	   the	   MILENA	  
producer	  gas	  composition	   for	   the	  present	  experiments.	  Beside	  these	   listed	  components,	  
the	  producer	  gas	  also	  contains	  dust,	  which	  is	  a	  mixture	  of	  fly	  ash	  with	  fines	  from	  the	  bed	  
material	  and	  char.	  In	  the	  experiments,	  dust	  was	  removed	  using	  a	  hot-­‐gas	  filter.	  	  
 
	  
Table	  4.1.	  Approximate	  MILENA	  producer	  gas	  composition	  (in	  vol%	  dry)	  from	  beech	  wood	  
and	  from	  a	  mixture	  of	  71%	  beech	  wood	  and	  29%	  lignite.	  The	  gas	  moisture	  content	  was	  
about	  32%.	  
	   Wood	  	  
(%	  v/v,	  dry)	  
Wood	  +	  Lignite	  	  
(%	  v/v,	  dry)	  
CO	  	   29	   23	  
H2	   27	   31	  
CO2	   22	   26	  
CH4	   12.5	   10.5	  
C2H4	   3.5	   2.5	  
C6H6	   0.8	   0.8	  
Sum	  other	  hydrocarbons	   0.7	   0.5	  
N2
a	   4	   5	  
a	  Mainly	  from	  shield	  gas	  on	  the	  fuel	  system	  and	  carrier	  gas	  of	  the	  steam	  supply.	  
	  
The	   producer	   gas	   contains	   significant	   amounts	   of	   heavy	   aromatic	   hydrocarbons,	  
further	   called	   tar.	   The	   OLGA	   tar	   removal	   system	   removes	   all	   but	   the	   most	   volatile	   tar	  
compounds.	  Remaining	  aromatic	  hydrocarbons,	  mainly	  benzene,	  toluene	  and	  xylene	  (BTX)	  
are	  converted	  in	  the	  prereformer	  (REF)	  with	  steam	  into	  CH4,	  CO2,	  CO	  and	  H2.	  Tar	  removed	  
by	  OLGA	   contains	   about	   93	  wt%	   carbon.	   The	   total	   amount	   of	   carbon	   in	   dust	   and	   tar	   is	  
estimated	   to	   be	   5	   ±	   2	   %	   of	   the	   total	   carbon	   input.	   Downstream	   the	   prereformer,	   two	  
methanation	  reactors	  with	  nickel	  catalysts	  promote	  the	  reactions	  of	  higher	  hydrocarbons	  
and	   CO	   with	   H2	   into	   CH4	   and	   H2O.	   Shortage	   or	   excess	   of	   H2	   are	   taken	   care	   of	   by	   the	  
watergasshift	   reaction	   CO	   +	   H2O	  ó	   CO2	   +	   H2.	   After	   water	   removal	   downstream	   the	  
methanation	   reactors,	   “raw	   SNG”	   is	   obtained.	   With	   both	   fuels,	   the	   conditions	   applied	  
yielded	   raw	   SNG	   which,	   after	   water	   removal,	   contained	   about	   48%	   CO2	   and	   40%	   CH4,	  
some	  H2	  and	  N2,	  and	  traces	  (<0.02%)	  of	  CO	  and	  C2H6.	  	  
	  
Dried	  flue	  gas	  and	  raw	  SNG	  were	  sampled	  simultaneously	  on	  two	  different	  days,	  using	  
1-­‐L	  gasbags	  (Tedlar	  with	  polypropylene	  fitting).	  The	  sampling	  flow	  was	  0.5	  L/minute.	  Each	  
day,	   flue	  gas	  and	  raw	  SNG	  gas	  were	  sampled	  twice.	  The	  difference	   in	   time	  between	  the	  
first	  and	  the	  second	  sampling	  was	  on	  both	  days	  only	  5	  minutes.	  	  
On	   the	   first	   sampling	   day	   beech	   wood	   particles	   were	   used	   as	   input	  material	   to	   obtain	  
100%	   bio-­‐flue	   gas	   CO2	   and	   100%	   bio-­‐raw	   SNG.	   The	   second	   sampling	   day,	   beech	   wood	  
particles	  (from	  the	  same	  batch	  as	  the	  first	  day)	  mixed	  in	  about	  2:1	  mass	  ratio	  with	  fossil	  





 4.2	  Methods	  
	  
4.2.1	  SNG	  sample	  information	  
The	  samples	  investigated	  in	  this	  study	  were	  obtained	  from	  an	  SNG	  production	  system	  
at	  the	  Energy	  research	  Centre	  of	  the	  Netherlands	  (ECN),	  in	  Petten.	  For	  the	  present	  study,	  
tests	  were	  performed	  with	  two	  different	  fuels:	  beech	  wood	  and	  a	  mixture	  of	  beech	  wood	  
and	   lignite.	   Figure	   4.1	   shows	   a	   scheme	   of	   this	   SNG	   production	   system.	   Essentially,	   the	  
system	  is	  the	  one	  shown	  in	  Figure	  5	  in	  van	  der	  Meijden	  et	  al.	  (2010),	  but	  without	  recycling	  
of	  ash	  and	  tar	  to	  the	  gasifier	  and	  without	  the	  final	  upgrading	  of	  raw	  SNG	  to	  remove	  H2O	  
and	  CO2.	  It	  consists	  of	  the	  MILENA	  allothermal	  gasifier,	  dust	  removal,	  OLGA	  tar	  removal,	  a	  
compression	  step,	  organic	  sulphur	  conversion	  (HDS)	  and	  sulphur	  removal,	  a	  pre-­‐reformer	  




































Figure	  4.1.	  Simplified	  SNG	  production	  scheme	  as	  applied	  for	  the	  experiments	  by	  ECN.	  For	  a	  
more	  elaborate	  scheme	  see	  van	  der	  Meijden	  et	  al.	  (2010).	  	  
	  
The	  MILENA	   gasifier	   consists	   of	   two	   sections,	   indicated	   by	   C	   and	   R	   in	   Figure	   4.1.	   In	  
section	  R,	  solid	  fuel	  is	  quickly	  heated	  by	  contact	  with	  hot	  bed	  material,	  which	  is	  fluidized	  
by	  a	  small	  amount	  of	  steam.	  The	  fuel	   is	  converted	  into	  producer	  gas	  and	  a	  solid	  carbon-­‐
rich	  residue,	  further	  called	  char.	  Bed	  material	  and	  char	  are	  transported	  to	  the	  combustion	  
section	   C.	   There,	   combustion	   of	   char	  with	   air	   produces	   flue	   gas	  with	   CO2	   and	   the	   heat	  
needed	  in	  section	  R.	  The	  producer	  gas	  consists	  mainly	  of	  the	  volatile	  fraction	  of	  the	  fuel	  
and	   some	   gas	   produced	   by	   reaction	   of	   char	   with	   steam.	   Table	   4.1	   lists	   the	   MILENA	  
producer	  gas	  composition	   for	   the	  present	  experiments.	  Beside	  these	   listed	  components,	  
the	  producer	  gas	  also	  contains	  dust,	  which	  is	  a	  mixture	  of	  fly	  ash	  with	  fines	  from	  the	  bed	  
material	  and	  char.	  In	  the	  experiments,	  dust	  was	  removed	  using	  a	  hot-­‐gas	  filter.	  	  
 
	  
Table	  4.1.	  Approximate	  MILENA	  producer	  gas	  composition	  (in	  vol%	  dry)	  from	  beech	  wood	  
and	  from	  a	  mixture	  of	  71%	  beech	  wood	  and	  29%	  lignite.	  The	  gas	  moisture	  content	  was	  
about	  32%.	  
	   Wood	  	  
(%	  v/v,	  dry)	  
Wood	  +	  Lignite	  	  
(%	  v/v,	  dry)	  
CO	  	   29	   23	  
H2	   27	   31	  
CO2	   22	   26	  
CH4	   12.5	   10.5	  
C2H4	   3.5	   2.5	  
C6H6	   0.8	   0.8	  
Sum	  other	  hydrocarbons	   0.7	   0.5	  
N2
a	   4	   5	  
a	  Mainly	  from	  shield	  gas	  on	  the	  fuel	  system	  and	  carrier	  gas	  of	  the	  steam	  supply.	  
	  
The	   producer	   gas	   contains	   significant	   amounts	   of	   heavy	   aromatic	   hydrocarbons,	  
further	   called	   tar.	   The	   OLGA	   tar	   removal	   system	   removes	   all	   but	   the	   most	   volatile	   tar	  
compounds.	  Remaining	  aromatic	  hydrocarbons,	  mainly	  benzene,	  toluene	  and	  xylene	  (BTX)	  
are	  converted	  in	  the	  prereformer	  (REF)	  with	  steam	  into	  CH4,	  CO2,	  CO	  and	  H2.	  Tar	  removed	  
by	  OLGA	   contains	   about	   93	  wt%	   carbon.	   The	   total	   amount	   of	   carbon	   in	   dust	   and	   tar	   is	  
estimated	   to	   be	   5	   ±	   2	   %	   of	   the	   total	   carbon	   input.	   Downstream	   the	   prereformer,	   two	  
methanation	  reactors	  with	  nickel	  catalysts	  promote	  the	  reactions	  of	  higher	  hydrocarbons	  
and	   CO	   with	   H2	   into	   CH4	   and	   H2O.	   Shortage	   or	   excess	   of	   H2	   are	   taken	   care	   of	   by	   the	  
watergasshift	   reaction	   CO	   +	   H2O	  ó	   CO2	   +	   H2.	   After	   water	   removal	   downstream	   the	  
methanation	   reactors,	   “raw	   SNG”	   is	   obtained.	   With	   both	   fuels,	   the	   conditions	   applied	  
yielded	   raw	   SNG	   which,	   after	   water	   removal,	   contained	   about	   48%	   CO2	   and	   40%	   CH4,	  
some	  H2	  and	  N2,	  and	  traces	  (<0.02%)	  of	  CO	  and	  C2H6.	  	  
	  
Dried	  flue	  gas	  and	  raw	  SNG	  were	  sampled	  simultaneously	  on	  two	  different	  days,	  using	  
1-­‐L	  gasbags	  (Tedlar	  with	  polypropylene	  fitting).	  The	  sampling	  flow	  was	  0.5	  L/minute.	  Each	  
day,	   flue	  gas	  and	  raw	  SNG	  gas	  were	  sampled	  twice.	  The	  difference	   in	   time	  between	  the	  
first	  and	  the	  second	  sampling	  was	  on	  both	  days	  only	  5	  minutes.	  	  
On	   the	   first	   sampling	   day	   beech	   wood	   particles	   were	   used	   as	   input	  material	   to	   obtain	  
100%	   bio-­‐flue	   gas	   CO2	   and	   100%	   bio-­‐raw	   SNG.	   The	   second	   sampling	   day,	   beech	   wood	  
particles	  (from	  the	  same	  batch	  as	  the	  first	  day)	  mixed	  in	  about	  2:1	  mass	  ratio	  with	  fossil	  
lignite	  were	  fed	  into	  the	  system.	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 4.2.2	  Applied	  14C	  method	  
Equation	  4.1	  (similar	  to	  1.3)	  was	  used	  to	  calculate	  the	  biogenic	  carbon	  fractions	  of	  the	  
different	  samples	  from	  the	  SNG	  production	  process.	  In	  this	  calculation	  the	  size	  of	  dilution	  
of	   the	   biomass	   14C	   signal	   due	   to	   mixing	   with	   14C-­‐free	   fossil	   carbon	   is	   employed	   as	   a	  





	   	   (Expressed	  as	  %)	   	   	   	   (4.1)	  
	  
In	   this	  study,	   14Csample	   is	   the	  measured	  
14C	  value	  of	  a	  sample	  material,	   14Csample_measured	  
(calculated	  according	  to	  eq.	  1.4).	  14Cbio	   is	  the	  
14C	  value	  of	  the	  biogenic	  carbon	  fraction	   in	  
the	   sample	  and	   is	   approximated	  based	  on	   the	  average	   14Csample_measured	   values	  of	   the	  gas	  
samples	  obtained	  from	  100%	  wood	  particles	  (both	  raw	  SNG	  and	  flue	  gas	  CO2).	  In	  chapters	  
1	  and	  3	  a	  detailed	  overview	  is	  given	  of	  the	  principle	  of	  the	  14C	  method	  and	  its	  calculations,	  
corrections	   and	   method	   uncertainties.	   The	   reported	   14C	   values	   in	   this	   chapter	   are	   14aN	  
values.	  
	  
To	   obtain	   the	   14Csample_measured	   values,	   samples	   were	   pre-­‐treated	   to	   pure	   CO2,	  
graphitized	   and	   their	   14C/12C	   and	   13C/12C	   carbon	   ratios	   were	   measured	   with	   a	   14C-­‐
dedicated	   Accelerator	   Mass	   Spectrometer	   (AMS)	   at	   the	   Centre	   for	   Isotope	   Research,	  
University	   of	   Groningen	   (Van	   der	   Plicht	   et	   al.,	   2010).	   To	   obtain	   pure	   CO2	   the	   flue	   gas	  
samples,	   raw	   SNG	   samples	   and	   a	   few	   solid	   lignite	   samples	   were	   pre-­‐treated	   in	   slightly	  
different	  ways.	  
The	  CO2	  fraction	  in	  the	  flue	  gas	  samples	  (10%	  v/v	  the	  first	  day	  and	  15%	  v/v	  the	  second	  
day)	   was	   the	   main	   carbon	   component	   in	   the	   flue	   gas	   and	   this	   fraction	   was	   separated	  
cryogenically	  (liquid	  N2,	  -­‐196°C)	  from	  the	  other	  gas	  components.	  
The	  raw	  SNG	  samples	  contained	  approximately	  48%	  v/v	  CO2	  and	  40%	  v/v	  CH4	  on	  both	  
days.	  These	  were	  the	  main	  carbon	  components	   in	  the	  raw	  SNG.	  The	  fractions	  of	  CO	  and	  
C2H6	  were	  very	  small	  (<	  0.02%	  v/v)	  and	  have	  not	  been	  taken	  into	  account	  in	  the	  results	  of	  
this	  study.	  To	  investigate	  bio-­‐fossil	  carbon	  differences	  between	  the	  CO2	  and	  CH4	  fractions	  
in	  the	  raw	  SNG	  samples,	  the	  two	  fractions	  were	  separated	  and	  the	  carbon	  isotopes	  were	  
analysed	   for	   both.	   For	   this	   investigation	   the	   CO2	   fraction	   of	   the	   raw	   SNG	   was	   first	  
cryogenically	   separated	   from	   the	   CH4	   fraction	   (using	   a	   special	   cryogenic	   trap	   filled	  with	  
melting	  iso-­‐pentane	  at	  -­‐160°C).	  The	  remaining	  carbon	  fraction	  in	  the	  gas	  (mainly	  CH4)	  was	  
combusted	  to	  CO2	  and	  then	  cryogenically	  trapped	  (with	  liquid	  N2,	  -­‐196°C).	  A	  combustion	  
system	  was	  used	  in	  which	  any	  formed	  CO	  was	  oxidized	  to	  CO2	  as	  well.	   In	  addition	  to	  the	  
CO2-­‐CH4	   separation	   treatment,	   three	   of	   the	   four	   sampled	   raw	   SNG	   samples	   were	   also	  
pre-­‐treated	   to	   CO2	  without	   separation	   of	   the	   CO2	   and	   CH4	   fractions.	   In	   the	   combustion	  
system,	   the	   CO2	   fraction	   of	   the	   raw	   SNG	   sample	   was	   then	   immediately	   cryogenically	  
 
trapped	   (liquid	  N2,	   -­‐196°C).	  After	   the	  combustion	  of	   the	  CH4	   fraction,	   the	  produced	  CO2	  
was	  trapped	  and	  mixed	  with	  this	  raw	  SNG	  CO2	  fraction	  in	  the	  same	  glass	  device.	  	  
All	   obtained	   CO2	   samples	   from	   the	   flue	   gas	   and	   raw	   SNG	   samples	  were	   additionally	  
purified	   by	   removal	   of	   NOx	   and	   sulphurous	   components.	   In	   appendix	   A.4	   additional	  
information	  is	  given	  about	  the	  used	  “SCS”	  (“Separation	  and	  Combustion	  System”)	  system	  
at	  CIO	  and	  the	  applied	  methods.	  
	  
A	  few	  solid	  subsamples	  of	  the	  used	  lignite	  batch	  were	  analysed	  for	  14C	  as	  well,	  to	  check	  
whether	   it	  was	   legitimate	  to	  define	  the	   lignite	  material	  as	   ‘0%	  biogenic’	  and	  ‘14C-­‐free’.	  A	  
few	  grams	  of	  lignite	  were	  ground	  to	  particle	  sizes	  <	  1	  mm	  and	  three	  subsamples	  of	  ≈	  6	  mg	  
lignite	  were	  weighed	  in	  small	  tin	  capsules.	  The	  subsamples	  were	  combusted	  to	  CO2	  with	  a	  
combined	  Elementar	  Isotope	  Cube-­‐Isoprime100	  system.	  
	  
Each	   AMS-­‐batch	   with	   unknown	   samples	   contained	   a	   set	   of	   reference	   materials	   to	  
calibrate	   (using	   Oxalic	   acid-­‐II;	   SRM-­‐4990c)	   and	   verify	   the	   measured	   carbon	   isotope	  
amounts.	  It	  also	  contained	  a	  set	  of	  background	  reference	  materials	  to	  correct	  for	  carbon	  
contamination	   during	   the	   pre-­‐treatment	   and	  measurement.	   The	  measured	   AMS	   results	  
were	   then	   calculated	   to	   produce	   14Csample	   values	   according	   to	   the	   description	   given	   in	  
chapter	   4.	   The	  measured	   14C	   results	  were	   corrected	   for	   isotope	   fractionation,	   based	  on	  
the	   δ13C	   values	   measured	   with	   the	   AMS.	   As	   the	   δ13C	   values	   of	   the	   biogenic	   and	   fossil	  
carbon	   were	   very	   similar,	   no	   correction	   had	   to	   be	   applied	   in	   the	   isotope	   fractionation	  
correction	  to	  exclude	  the	  contribution	  of	  the	  fossil	  carbon	  in	  this	  correction	  (chapter	  3).	  
	  
4.2.3	  Determination	  of	  bio-­‐fossil	  carbon	  partitioning	  of	  solid	  input	  materials	  
To	   investigate	   bio-­‐fossil	   carbon	   partitioning	   in	   the	   applied	   SNG	   process,	   the	   biogenic	  
carbon	   fractions	   as	   determined	   with	   the	   14C	   method	   for	   flue	   gas	   and	   raw	   SNG	   were	  
compared	  with	  each	  other	  and	  were	  also	  compared	  to	  the	  biogenic	  carbon	  fraction	  of	  the	  
mixed	   bio-­‐fossil	   input	   materials	   that	   were	   fed	   into	   the	   SNG	   production	   system.	   The	  
biogenic	   carbon	   fraction	   of	   the	   total	  mixed	   input	  was	   determined	   based	   on	   the	   known	  
carbon	   composition	   and	  dry	  mass	   flow	   (kg/h)	   of	   the	   separate	  wood	  and	   lignite	  batches	  
that	  were	  fed	  into	  the	  SNG	  system.	  	  
	  
The	  biogenic	  carbon	  fraction	  of	  the	  mixed	  wood	  and	  lignite	  as	  used	  for	  the	  production	  of	  
SNG	  was	  calculated	  according	  to	  the	  following	  equation.	  
	  




 4.2.2	  Applied	  14C	  method	  
Equation	  4.1	  (similar	  to	  1.3)	  was	  used	  to	  calculate	  the	  biogenic	  carbon	  fractions	  of	  the	  
different	  samples	  from	  the	  SNG	  production	  process.	  In	  this	  calculation	  the	  size	  of	  dilution	  
of	   the	   biomass	   14C	   signal	   due	   to	   mixing	   with	   14C-­‐free	   fossil	   carbon	   is	   employed	   as	   a	  





	   	   (Expressed	  as	  %)	   	   	   	   (4.1)	  
	  
In	   this	  study,	   14Csample	   is	   the	  measured	  
14C	  value	  of	  a	  sample	  material,	   14Csample_measured	  
(calculated	  according	  to	  eq.	  1.4).	  14Cbio	   is	  the	  
14C	  value	  of	  the	  biogenic	  carbon	  fraction	   in	  
the	   sample	  and	   is	   approximated	  based	  on	   the	  average	   14Csample_measured	   values	  of	   the	  gas	  
samples	  obtained	  from	  100%	  wood	  particles	  (both	  raw	  SNG	  and	  flue	  gas	  CO2).	  In	  chapters	  
1	  and	  3	  a	  detailed	  overview	  is	  given	  of	  the	  principle	  of	  the	  14C	  method	  and	  its	  calculations,	  
corrections	   and	   method	   uncertainties.	   The	   reported	   14C	   values	   in	   this	   chapter	   are	   14aN	  
values.	  
	  
To	   obtain	   the	   14Csample_measured	   values,	   samples	   were	   pre-­‐treated	   to	   pure	   CO2,	  
graphitized	   and	   their	   14C/12C	   and	   13C/12C	   carbon	   ratios	   were	   measured	   with	   a	   14C-­‐
dedicated	   Accelerator	   Mass	   Spectrometer	   (AMS)	   at	   the	   Centre	   for	   Isotope	   Research,	  
University	   of	   Groningen	   (Van	   der	   Plicht	   et	   al.,	   2010).	   To	   obtain	   pure	   CO2	   the	   flue	   gas	  
samples,	   raw	   SNG	   samples	   and	   a	   few	   solid	   lignite	   samples	   were	   pre-­‐treated	   in	   slightly	  
different	  ways.	  
The	  CO2	  fraction	  in	  the	  flue	  gas	  samples	  (10%	  v/v	  the	  first	  day	  and	  15%	  v/v	  the	  second	  
day)	   was	   the	   main	   carbon	   component	   in	   the	   flue	   gas	   and	   this	   fraction	   was	   separated	  
cryogenically	  (liquid	  N2,	  -­‐196°C)	  from	  the	  other	  gas	  components.	  
The	  raw	  SNG	  samples	  contained	  approximately	  48%	  v/v	  CO2	  and	  40%	  v/v	  CH4	  on	  both	  
days.	  These	  were	  the	  main	  carbon	  components	   in	  the	  raw	  SNG.	  The	  fractions	  of	  CO	  and	  
C2H6	  were	  very	  small	  (<	  0.02%	  v/v)	  and	  have	  not	  been	  taken	  into	  account	  in	  the	  results	  of	  
this	  study.	  To	  investigate	  bio-­‐fossil	  carbon	  differences	  between	  the	  CO2	  and	  CH4	  fractions	  
in	  the	  raw	  SNG	  samples,	  the	  two	  fractions	  were	  separated	  and	  the	  carbon	  isotopes	  were	  
analysed	   for	   both.	   For	   this	   investigation	   the	   CO2	   fraction	   of	   the	   raw	   SNG	   was	   first	  
cryogenically	   separated	   from	   the	   CH4	   fraction	   (using	   a	   special	   cryogenic	   trap	   filled	  with	  
melting	  iso-­‐pentane	  at	  -­‐160°C).	  The	  remaining	  carbon	  fraction	  in	  the	  gas	  (mainly	  CH4)	  was	  
combusted	  to	  CO2	  and	  then	  cryogenically	  trapped	  (with	  liquid	  N2,	  -­‐196°C).	  A	  combustion	  
system	  was	  used	  in	  which	  any	  formed	  CO	  was	  oxidized	  to	  CO2	  as	  well.	   In	  addition	  to	  the	  
CO2-­‐CH4	   separation	   treatment,	   three	   of	   the	   four	   sampled	   raw	   SNG	   samples	   were	   also	  
pre-­‐treated	   to	   CO2	  without	   separation	   of	   the	   CO2	   and	   CH4	   fractions.	   In	   the	   combustion	  
system,	   the	   CO2	   fraction	   of	   the	   raw	   SNG	   sample	   was	   then	   immediately	   cryogenically	  
 
trapped	   (liquid	  N2,	   -­‐196°C).	  After	   the	  combustion	  of	   the	  CH4	   fraction,	   the	  produced	  CO2	  
was	  trapped	  and	  mixed	  with	  this	  raw	  SNG	  CO2	  fraction	  in	  the	  same	  glass	  device.	  	  
All	   obtained	   CO2	   samples	   from	   the	   flue	   gas	   and	   raw	   SNG	   samples	  were	   additionally	  
purified	   by	   removal	   of	   NOx	   and	   sulphurous	   components.	   In	   appendix	   A.4	   additional	  
information	  is	  given	  about	  the	  used	  “SCS”	  (“Separation	  and	  Combustion	  System”)	  system	  
at	  CIO	  and	  the	  applied	  methods.	  
	  
A	  few	  solid	  subsamples	  of	  the	  used	  lignite	  batch	  were	  analysed	  for	  14C	  as	  well,	  to	  check	  
whether	   it	  was	   legitimate	  to	  define	  the	   lignite	  material	  as	   ‘0%	  biogenic’	  and	  ‘14C-­‐free’.	  A	  
few	  grams	  of	  lignite	  were	  ground	  to	  particle	  sizes	  <	  1	  mm	  and	  three	  subsamples	  of	  ≈	  6	  mg	  
lignite	  were	  weighed	  in	  small	  tin	  capsules.	  The	  subsamples	  were	  combusted	  to	  CO2	  with	  a	  
combined	  Elementar	  Isotope	  Cube-­‐Isoprime100	  system.	  
	  
Each	   AMS-­‐batch	   with	   unknown	   samples	   contained	   a	   set	   of	   reference	   materials	   to	  
calibrate	   (using	   Oxalic	   acid-­‐II;	   SRM-­‐4990c)	   and	   verify	   the	   measured	   carbon	   isotope	  
amounts.	  It	  also	  contained	  a	  set	  of	  background	  reference	  materials	  to	  correct	  for	  carbon	  
contamination	   during	   the	   pre-­‐treatment	   and	  measurement.	   The	  measured	   AMS	   results	  
were	   then	   calculated	   to	   produce	   14Csample	   values	   according	   to	   the	   description	   given	   in	  
chapter	   4.	   The	  measured	   14C	   results	  were	   corrected	   for	   isotope	   fractionation,	   based	  on	  
the	   δ13C	   values	   measured	   with	   the	   AMS.	   As	   the	   δ13C	   values	   of	   the	   biogenic	   and	   fossil	  
carbon	   were	   very	   similar,	   no	   correction	   had	   to	   be	   applied	   in	   the	   isotope	   fractionation	  
correction	  to	  exclude	  the	  contribution	  of	  the	  fossil	  carbon	  in	  this	  correction	  (chapter	  3).	  
	  
4.2.3	  Determination	  of	  bio-­‐fossil	  carbon	  partitioning	  of	  solid	  input	  materials	  
To	   investigate	   bio-­‐fossil	   carbon	   partitioning	   in	   the	   applied	   SNG	   process,	   the	   biogenic	  
carbon	   fractions	   as	   determined	   with	   the	   14C	   method	   for	   flue	   gas	   and	   raw	   SNG	   were	  
compared	  with	  each	  other	  and	  were	  also	  compared	  to	  the	  biogenic	  carbon	  fraction	  of	  the	  
mixed	   bio-­‐fossil	   input	   materials	   that	   were	   fed	   into	   the	   SNG	   production	   system.	   The	  
biogenic	   carbon	   fraction	   of	   the	   total	  mixed	   input	  was	   determined	   based	   on	   the	   known	  
carbon	   composition	   and	  dry	  mass	   flow	   (kg/h)	   of	   the	   separate	  wood	  and	   lignite	  batches	  
that	  were	  fed	  into	  the	  SNG	  system.	  	  
	  
The	  biogenic	  carbon	  fraction	  of	  the	  mixed	  wood	  and	  lignite	  as	  used	  for	  the	  production	  of	  
SNG	  was	  calculated	  according	  to	  the	  following	  equation.	  
	  
fCbio	  =	  (Ccontent	  wood	  ⋅	  flowdry_wood)/(Ccontent	  wood	  ⋅	  flowdry_wood	  +	  Ccontent	  lignite	  ⋅	  flowdry	  lignite)	  (4.2)	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 The	  Ccontent	  wood	   and	  Ccontent	  lignite	   values	   show	   the	   carbon	   contents	   that	  were	  measured	   in	  
the	  dried	  wood	  and	  lignite	  materials	  respectively.	  The	  flowdry	  values	  for	  wood	  and	  lignite	  
were	  calculated	  as	  follows:	  
	  
flowdry	  =	  flownot_dry⋅(1-­‐fmoisture_mass)	   	   	   	   	   	   	  (4.3)	  
	  
The	  flows	  are	   in	  kg/h.	   flownot_dry	   is	   the	  mass	  flow	  of	  the	  particular	   investigated	  not-­‐dried	  
material	  and	  fmoisture_mass	  is	  the	  fraction	  of	  moisture	  in	  this	  material.	  The	  uncertainty	  range	  
as	  calculated	  for	  the	  obtained	  fCbio	  value,	   is	  the	  combined	  uncertainty	  of	  the	  (estimated)	  































4.3	  Results	  and	  discussion	  
	  
4.3.1	  Biogenic	  carbon	  fraction	  of	  mixed	  solid	  input	  materials	  
To	  investigate	  the	  differences	  in	  biogenic	  carbon	  fraction	  between	  the	  input	  material	  
and	   the	   flue	   gas	   and	   raw	   SNG,	   the	   biogenic	   carbon	   fraction	   of	   the	   input	   material	   was	  
calculated	  first,	  according	  to	  the	  procedure	  described	  in	  section	  4.2.3.	  	  
Table	   4.2	   gives	   an	   overview	   of	   the	   data	   that	   were	   used	   to	   calculate	   this	   biogenic	  
carbon	   fraction	   of	   the	   mixed	   input	   material.	   The	   non-­‐dried	   material	   flow,	   moisture	  
content,	   and	   ash	   and	   carbon	   content	   in	   dried	   material	   were	   determined	   by	   ECN.	   The	  
lignite	  used	  in	  this	  case	  has	  a	  relatively	  low	  carbon	  content	  (lignite	  usually	  has	  around	  60%	  
(m/m)).	  This	  is	  because	  the	  batch	  with	  lignite	  material	  also	  contained	  not-­‐identified	  grey-­‐
white	   particles	   rich	   in	   carbonate.	   The	   biogenic	   carbon	   fraction	   of	   the	   mixed	   input	  
materials	  was	  75	  ±	  3	  %.	  	  
	  
Table	  4.2.	  Data	  used	  to	  calculate	  the	  biogenic	  carbon	  fraction	  according	  to	  equation	  4.2,	  
for	  a	  mixture	  of	  wood	  and	  lignite.	  The	  given	  uncertainty	  ranges	  are	  largely	  based	  on	  
practical	  experience.	  	  
	   Wood	   Lignite	  
Not-­‐dried	  material	  flow	  (kg/h)	   3.70	  ±	  0.10	   1.50	  ±	  0.05	  
Moisture	  content	  (%,	  m/m/)	  	   9.5	  ±	  1.0	   11.1	  ±	  1.0	  
Dried	  material	  flow	  (kg/h)	   3.35	  ±	  0.10	   1.33	  ±	  0.05	  
Ash	  content	  in	  dried	  material	  (%,	  m/m)	  	   1.10	  ±	  0.10	   33	  ±	  2	  
Carbon	  content	  in	  dried	  material	  (%,	  m/m)	   48.8	  ±	  0.5	   41	  ±	  2	  
	   	   	  
Carbon	  flow	  (kg/hour)	   1.63	  ±	  0.05	   0.55±	  0.03	  
	   	   	  
Biogenic	  carbon	  fraction	  input	  material	  	   75	  ±	  3	  %	  
	  
4.3.2	  Biogenic	  carbon	  fraction	  of	  flue	  gas	  CO2	  and	  raw	  SNG	  
Table	   4.3	   lists	   the	   14Csample_measured	   results	   for	   the	   investigated	   gas	   samples	   obtained	  
from	   the	  SNG	  process	  with	   the	   input	  of	  only	  wood	  particles.	   The	   14Csample_measured	   results	  
are	  very	  similar	  between	  the	  different	  investigated	  carbon	  components	  and	  between	  the	  
duplicates.	   The	   average	   14Csample_measured	   value	  matches	  with	   all	   individual	  measurements	  
within	   1-­‐sigma	   sample	  measurement	  uncertainty.	   The	   similarity	   between	   the	  duplicates	  
shows	  that	  the	  average	  14C	  composition	  of	  the	  used	  wood	  particles	  was	  constant	  during	  
the	  sampling	  period	  of	  the	  two	  duplicates.	   	  The	  average	  measured	  14C	  result	  of	  116.55	  ±	  




 The	  Ccontent	  wood	   and	  Ccontent	  lignite	   values	   show	   the	   carbon	   contents	   that	  were	  measured	   in	  
the	  dried	  wood	  and	  lignite	  materials	  respectively.	  The	  flowdry	  values	  for	  wood	  and	  lignite	  
were	  calculated	  as	  follows:	  
	  
flowdry	  =	  flownot_dry⋅(1-­‐fmoisture_mass)	   	   	   	   	   	   	  (4.3)	  
	  
The	  flows	  are	   in	  kg/h.	   flownot_dry	   is	   the	  mass	  flow	  of	  the	  particular	   investigated	  not-­‐dried	  
material	  and	  fmoisture_mass	  is	  the	  fraction	  of	  moisture	  in	  this	  material.	  The	  uncertainty	  range	  
as	  calculated	  for	  the	  obtained	  fCbio	  value,	   is	  the	  combined	  uncertainty	  of	  the	  (estimated)	  































4.3	  Results	  and	  discussion	  
	  
4.3.1	  Biogenic	  carbon	  fraction	  of	  mixed	  solid	  input	  materials	  
To	  investigate	  the	  differences	  in	  biogenic	  carbon	  fraction	  between	  the	  input	  material	  
and	   the	   flue	   gas	   and	   raw	   SNG,	   the	   biogenic	   carbon	   fraction	   of	   the	   input	   material	   was	  
calculated	  first,	  according	  to	  the	  procedure	  described	  in	  section	  4.2.3.	  	  
Table	   4.2	   gives	   an	   overview	   of	   the	   data	   that	   were	   used	   to	   calculate	   this	   biogenic	  
carbon	   fraction	   of	   the	   mixed	   input	   material.	   The	   non-­‐dried	   material	   flow,	   moisture	  
content,	   and	   ash	   and	   carbon	   content	   in	   dried	   material	   were	   determined	   by	   ECN.	   The	  
lignite	  used	  in	  this	  case	  has	  a	  relatively	  low	  carbon	  content	  (lignite	  usually	  has	  around	  60%	  
(m/m)).	  This	  is	  because	  the	  batch	  with	  lignite	  material	  also	  contained	  not-­‐identified	  grey-­‐
white	   particles	   rich	   in	   carbonate.	   The	   biogenic	   carbon	   fraction	   of	   the	   mixed	   input	  
materials	  was	  75	  ±	  3	  %.	  	  
	  
Table	  4.2.	  Data	  used	  to	  calculate	  the	  biogenic	  carbon	  fraction	  according	  to	  equation	  4.2,	  
for	  a	  mixture	  of	  wood	  and	  lignite.	  The	  given	  uncertainty	  ranges	  are	  largely	  based	  on	  
practical	  experience.	  	  
	   Wood	   Lignite	  
Not-­‐dried	  material	  flow	  (kg/h)	   3.70	  ±	  0.10	   1.50	  ±	  0.05	  
Moisture	  content	  (%,	  m/m/)	  	   9.5	  ±	  1.0	   11.1	  ±	  1.0	  
Dried	  material	  flow	  (kg/h)	   3.35	  ±	  0.10	   1.33	  ±	  0.05	  
Ash	  content	  in	  dried	  material	  (%,	  m/m)	  	   1.10	  ±	  0.10	   33	  ±	  2	  
Carbon	  content	  in	  dried	  material	  (%,	  m/m)	   48.8	  ±	  0.5	   41	  ±	  2	  
	   	   	  
Carbon	  flow	  (kg/hour)	   1.63	  ±	  0.05	   0.55±	  0.03	  
	   	   	  
Biogenic	  carbon	  fraction	  input	  material	  	   75	  ±	  3	  %	  
	  
4.3.2	  Biogenic	  carbon	  fraction	  of	  flue	  gas	  CO2	  and	  raw	  SNG	  
Table	   4.3	   lists	   the	   14Csample_measured	   results	   for	   the	   investigated	   gas	   samples	   obtained	  
from	   the	  SNG	  process	  with	   the	   input	  of	  only	  wood	  particles.	   The	   14Csample_measured	   results	  
are	  very	  similar	  between	  the	  different	  investigated	  carbon	  components	  and	  between	  the	  
duplicates.	   The	   average	   14Csample_measured	   value	  matches	  with	   all	   individual	  measurements	  
within	   1-­‐sigma	   sample	  measurement	  uncertainty.	   The	   similarity	   between	   the	  duplicates	  
shows	  that	  the	  average	  14C	  composition	  of	  the	  used	  wood	  particles	  was	  constant	  during	  
the	  sampling	  period	  of	  the	  two	  duplicates.	   	  The	  average	  measured	  14C	  result	  of	  116.55	  ±	  
0.13	  %	  is	  used	  in	  this	  study	  as	  reference	  14C	  value	  for	  100%	  biogenic	  carbon,	  14Cbio.	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 Table	  4.3.	  δ13Csample	  and	  
14Csample_measured	  values,	  both	  measured	  with	  AMS,	  of	  gas	  samples	  
obtained	  from	  the	  SNG	  process	  with	  only	  wood	  particles	  as	  input	  material.	  The	  standard	  
deviation	  in	  this	  average	  value	  is	  shown	  as	  well.	  Samples	  1	  and	  2(a/b)	  were	  taken	  
simultaneously,	  as	  were	  samples	  3	  and	  4(a/b).	  
Sample	   δ13Csample	  (‰)	  
14Csample_measured	  (%)	   ±	  (1σ)	  
1_Flue	  gas	  CO2	   -­‐25.4	   116.5	   0.4	  
2_SNG	  total	  gas	   -­‐24.8	   116.4	   0.3	  
2a_SNG	  CO2	  fraction	   -­‐13.3	   116.7	   0.4	  
2b_SNG	  CH4	  fraction	   -­‐37.7	   116.6	   0.4	  
	   	   	   	  
3_Flue	  gas	  CO2	   -­‐29.3	   116.4	   0.4	  
4a_SNG	  CO2	  fraction	   -­‐13.0	   116.6	   0.3	  
4b_SNG	  CH4	  fraction	   -­‐38.7	   116.7	   0.4	  
	   	   	   	  
Reference	  value	  100%	  bioC:	  14Cbio	   	   116.55	  ±	  0.13	  
	  	  
The	  δ13Csample	  values	  in	  Table	  4.3	  illustrate	  the	  process	  of	   isotope	  fractionation	  during	  
the	  SNG	  process:	  the	  CH4	  fraction	  contains	  relatively	   less	  
13C	  than	  the	  CO2	  fraction.	  Such	  
(relatively)	   large	   fractionation	  was	   also	   observed	   in	   biogas	   samples	   of	   several	   digestion	  
processes	  (Palstra	  and	  Meijer,	  2014).	  This	  isotope	  fractionation	  occurs	  for	  14C	  as	  well,	  but	  
is	   corrected	   for,	   based	   on	   the	   measured	   δ13Csample	   values.	   The	   close	   match	   of	   all	  
14Csample_measured	  values	  in	  Table	  4.3,	  which	  all	  have	  the	  same	  carbon	  composition,	  show	  the	  
validity	  of	  the	  applied	  isotope	  fractionation	  correction.	  Without	  the	  correction	  for	  isotope	  
fractionation,	  the	  14Csample	  values	  of	  samples	  1	  and	  2(a/b)	  would	  have	  been:	  116,	  116,	  120	  
and	  114%	  respectively,	  while	  these	  differences	  are	  not	  related	  to	  differences	   in	  biogenic	  
carbon	   fraction.	   For	   a	   correct	   application	   of	   the	   14C	  method	   to	   determine	   the	   biogenic	  
carbon	  fraction	  for	  gases,	   it	   is	   therefore	  essential,	  especially	   for	  gases	  but	  also	  for	  other	  
materials	   (Norton	   and	   Devlin,	   2006;	   Palstra	   and	   Meijer,	   2014)	   that	   this	   isotope	  
fractionation	   correction	   is	   always	   applied	   (and	   thus	   that	   the	   δ13C	   value	   is	   always	  
determined).	  Due	  to	  this	  correction,	  differences	  in	  calculated	  14Csample_measured	  values	  can	  be	  
related	  to	  differences	  in	  bio-­‐fossil	  carbon	  composition	  only.	  
	  
To	  verify	  whether	  the	   lignite	  batch	  contained	  no	  biogenic	  carbon	  (and	  was	  therefore	  
0%	   biogenic),	   the	   14C	   values	   were	   measured	   for	   three	   subsamples.	   The	   average	  
14Csample_measured	   value	   of	   the	   three	   investigated	   lignite	   subsamples	   was	   0.01	   ±	   0.04	   %,	  
which	  is	  background	  level	  (this	  is:	  no	  measurable	  14C	  in	  the	  sample	  itself).	  The	  lignite	  was	  
indeed	  14C	  free	  and	  contained	  no	  carbon	  from	  recent	  biomass	  materials.	  
	  
 
Table	   4.4	   lists	   the	   14Csample_measured	   and	   fCbio	   results	   for	   the	   investigated	   gas	   samples	  
obtained	  from	  the	  input	  of	  a	  mixture	  of	  wood	  and	  lignite	  with	  75	  ±	  3	  %	  biogenic	  carbon.	  
Obviously,	  all	  gas	  samples	  from	  the	  wood/lignite	  mixture	  have	  lower	  14Csample	  values	  than	  
those	  obtained	  with	  the	  input	  of	  100%	  wood.	  The	  14Csample	  values	  of	  the	  process	  flue	  gases	  
are	  much	  lower	  than	  those	  from	  the	  raw	  SNG	  samples.	  Compared	  to	  the	  fbioC	  value	  of	  the	  
input	   fuel	  mixture,	   the	  values	  of	   the	  process	   flue	  gases	  are	   lower	  and	   those	  of	   the	  SNG	  
samples	  are	  higher.	  This	  shows	  large	  bio-­‐fossil	  carbon	  partitioning	  in	  the	  SNG	  production	  
process	  of	  carbon	  from	  different	  sources	  (materials).	  	  
	  
Table	  4.4.	  δ13Csample	  and	  
14Csample_measured	  values,	  measured	  with	  AMS,	  and	  calculated	  
biogenic	  carbon	  fractions	  (fCbio)	  of	  gas	  samples	  obtained	  from	  the	  SNG	  process	  with	  a	  
mixture	  of	  wood	  and	  lignite	  with	  fCbio	  =	  75	  ±	  3	  %	  as	  input	  material.	  Samples	  5	  and	  6(a/b)	  










5_Flue	  gas	  CO2	   -­‐25.0	   44.5	   0.2	   38.2	   0.2	  
6_SNG	  total	  gas	   -­‐26.7	   102.5	   0.3	   88.0	   0.3	  
6a_SNG	  CO2	  fraction	   -­‐13.2	   103.0	   0.3	   88.4	   0.3	  
6b_SNG	  CH4	  fraction	   -­‐40.3	   103.5	   0.3	   88.8	   0.3	  
	  	   	  
	   	  
	   	  
7_Flue	  gas	  CO2	   -­‐24.8	   44.1	   0.2	   37.8	   0.2	  
8_SNG	  total	  gas	   -­‐27.3	   103.0	   0.4	   88.3	   0.3	  
8a_SNG	  CO2	  fraction	   -­‐14.9	   103.5	   0.3	   88.8	   0.3	  
8b_SNG	  CH4	  fraction	   -­‐36.9	   103.9	   0.3	   89.2	   0.3	  
	  
The	  duplicate	  sets	  of	   the	  different	  wood/lignite	  samples	  show	  good	  agreement,	  with	  
differences	   between	   the	   14Csample_measured	   values	   for	   the	   different	   fractions	   that	   agree	  
within	   the	   (purely	   analytical)	   1s	   uncertainty	   in	   these	   values.	   The	   differences	   in	  
14Csample_measured	   values	   between	   the	   SNG	   and	   the	   separated	   CO2	   and	   CH4	   fractions	   are	  
slightly	  larger	  than	  those	  observed	  for	  the	  SNG	  samples	  from	  wood	  (table	  4.3).	  This	  could	  
be	  due	  to	  the	  14C	  contribution	  of	  the	  small	  CxHy	  fraction	  to	  the	  measured	  
14C	  values,	  if	  this	  
fraction	  is	  more	  fossil	  than	  the	  other	  carbon	  fractions	  and	  was	  not	  part	  of	  the	  measured	  
separated	  fractions	  (not	  known	  in	  this	  case).	  	  
	  
To	  compare	  the	  obtained	  fCbio	  results	  of	  the	  flue	  gas	  CO2	  and	  raw	  SNG	  with	  the	  carbon	  
composition	  of	  the	  input	  materials,	  contributions	  to	  the	  SNG	  process	  of	  other	  (“foreign”)	  
carbon	   sources	   than	   the	   input	  material	   should	   be	   investigated	   and,	   if	   relevant	   (that	   is:	  
with	  large	  carbon	  fraction	  and/or	  large	  difference	  in	  14C	  value	  with	  the	  sample	  material),	  
be	  corrected	  for.	  As	  is	  explained	  in	  chapter	  2,	  the	  contribution	  of	  atmospheric	  air	  CO2	  can	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 Table	  4.3.	  δ13Csample	  and	  
14Csample_measured	  values,	  both	  measured	  with	  AMS,	  of	  gas	  samples	  
obtained	  from	  the	  SNG	  process	  with	  only	  wood	  particles	  as	  input	  material.	  The	  standard	  
deviation	  in	  this	  average	  value	  is	  shown	  as	  well.	  Samples	  1	  and	  2(a/b)	  were	  taken	  
simultaneously,	  as	  were	  samples	  3	  and	  4(a/b).	  
Sample	   δ13Csample	  (‰)	  
14Csample_measured	  (%)	   ±	  (1σ)	  
1_Flue	  gas	  CO2	   -­‐25.4	   116.5	   0.4	  
2_SNG	  total	  gas	   -­‐24.8	   116.4	   0.3	  
2a_SNG	  CO2	  fraction	   -­‐13.3	   116.7	   0.4	  
2b_SNG	  CH4	  fraction	   -­‐37.7	   116.6	   0.4	  
	   	   	   	  
3_Flue	  gas	  CO2	   -­‐29.3	   116.4	   0.4	  
4a_SNG	  CO2	  fraction	   -­‐13.0	   116.6	   0.3	  
4b_SNG	  CH4	  fraction	   -­‐38.7	   116.7	   0.4	  
	   	   	   	  
Reference	  value	  100%	  bioC:	  14Cbio	   	   116.55	  ±	  0.13	  
	  	  
The	  δ13Csample	  values	  in	  Table	  4.3	  illustrate	  the	  process	  of	   isotope	  fractionation	  during	  
the	  SNG	  process:	  the	  CH4	  fraction	  contains	  relatively	   less	  
13C	  than	  the	  CO2	  fraction.	  Such	  
(relatively)	   large	   fractionation	  was	   also	   observed	   in	   biogas	   samples	   of	   several	   digestion	  
processes	  (Palstra	  and	  Meijer,	  2014).	  This	  isotope	  fractionation	  occurs	  for	  14C	  as	  well,	  but	  
is	   corrected	   for,	   based	   on	   the	   measured	   δ13Csample	   values.	   The	   close	   match	   of	   all	  
14Csample_measured	  values	  in	  Table	  4.3,	  which	  all	  have	  the	  same	  carbon	  composition,	  show	  the	  
validity	  of	  the	  applied	  isotope	  fractionation	  correction.	  Without	  the	  correction	  for	  isotope	  
fractionation,	  the	  14Csample	  values	  of	  samples	  1	  and	  2(a/b)	  would	  have	  been:	  116,	  116,	  120	  
and	  114%	  respectively,	  while	  these	  differences	  are	  not	  related	  to	  differences	   in	  biogenic	  
carbon	   fraction.	   For	   a	   correct	   application	   of	   the	   14C	  method	   to	   determine	   the	   biogenic	  
carbon	  fraction	  for	  gases,	   it	   is	   therefore	  essential,	  especially	   for	  gases	  but	  also	  for	  other	  
materials	   (Norton	   and	   Devlin,	   2006;	   Palstra	   and	   Meijer,	   2014)	   that	   this	   isotope	  
fractionation	   correction	   is	   always	   applied	   (and	   thus	   that	   the	   δ13C	   value	   is	   always	  
determined).	  Due	  to	  this	  correction,	  differences	  in	  calculated	  14Csample_measured	  values	  can	  be	  
related	  to	  differences	  in	  bio-­‐fossil	  carbon	  composition	  only.	  
	  
To	  verify	  whether	  the	   lignite	  batch	  contained	  no	  biogenic	  carbon	  (and	  was	  therefore	  
0%	   biogenic),	   the	   14C	   values	   were	   measured	   for	   three	   subsamples.	   The	   average	  
14Csample_measured	   value	   of	   the	   three	   investigated	   lignite	   subsamples	   was	   0.01	   ±	   0.04	   %,	  
which	  is	  background	  level	  (this	  is:	  no	  measurable	  14C	  in	  the	  sample	  itself).	  The	  lignite	  was	  
indeed	  14C	  free	  and	  contained	  no	  carbon	  from	  recent	  biomass	  materials.	  
	  
 
Table	   4.4	   lists	   the	   14Csample_measured	   and	   fCbio	   results	   for	   the	   investigated	   gas	   samples	  
obtained	  from	  the	  input	  of	  a	  mixture	  of	  wood	  and	  lignite	  with	  75	  ±	  3	  %	  biogenic	  carbon.	  
Obviously,	  all	  gas	  samples	  from	  the	  wood/lignite	  mixture	  have	  lower	  14Csample	  values	  than	  
those	  obtained	  with	  the	  input	  of	  100%	  wood.	  The	  14Csample	  values	  of	  the	  process	  flue	  gases	  
are	  much	  lower	  than	  those	  from	  the	  raw	  SNG	  samples.	  Compared	  to	  the	  fbioC	  value	  of	  the	  
input	   fuel	  mixture,	   the	  values	  of	   the	  process	   flue	  gases	  are	   lower	  and	   those	  of	   the	  SNG	  
samples	  are	  higher.	  This	  shows	  large	  bio-­‐fossil	  carbon	  partitioning	  in	  the	  SNG	  production	  
process	  of	  carbon	  from	  different	  sources	  (materials).	  	  
	  
Table	  4.4.	  δ13Csample	  and	  
14Csample_measured	  values,	  measured	  with	  AMS,	  and	  calculated	  
biogenic	  carbon	  fractions	  (fCbio)	  of	  gas	  samples	  obtained	  from	  the	  SNG	  process	  with	  a	  
mixture	  of	  wood	  and	  lignite	  with	  fCbio	  =	  75	  ±	  3	  %	  as	  input	  material.	  Samples	  5	  and	  6(a/b)	  










5_Flue	  gas	  CO2	   -­‐25.0	   44.5	   0.2	   38.2	   0.2	  
6_SNG	  total	  gas	   -­‐26.7	   102.5	   0.3	   88.0	   0.3	  
6a_SNG	  CO2	  fraction	   -­‐13.2	   103.0	   0.3	   88.4	   0.3	  
6b_SNG	  CH4	  fraction	   -­‐40.3	   103.5	   0.3	   88.8	   0.3	  
	  	   	  
	   	  
	   	  
7_Flue	  gas	  CO2	   -­‐24.8	   44.1	   0.2	   37.8	   0.2	  
8_SNG	  total	  gas	   -­‐27.3	   103.0	   0.4	   88.3	   0.3	  
8a_SNG	  CO2	  fraction	   -­‐14.9	   103.5	   0.3	   88.8	   0.3	  
8b_SNG	  CH4	  fraction	   -­‐36.9	   103.9	   0.3	   89.2	   0.3	  
	  
The	  duplicate	  sets	  of	   the	  different	  wood/lignite	  samples	  show	  good	  agreement,	  with	  
differences	   between	   the	   14Csample_measured	   values	   for	   the	   different	   fractions	   that	   agree	  
within	   the	   (purely	   analytical)	   1s	   uncertainty	   in	   these	   values.	   The	   differences	   in	  
14Csample_measured	   values	   between	   the	   SNG	   and	   the	   separated	   CO2	   and	   CH4	   fractions	   are	  
slightly	  larger	  than	  those	  observed	  for	  the	  SNG	  samples	  from	  wood	  (table	  4.3).	  This	  could	  
be	  due	  to	  the	  14C	  contribution	  of	  the	  small	  CxHy	  fraction	  to	  the	  measured	  
14C	  values,	  if	  this	  
fraction	  is	  more	  fossil	  than	  the	  other	  carbon	  fractions	  and	  was	  not	  part	  of	  the	  measured	  
separated	  fractions	  (not	  known	  in	  this	  case).	  	  
	  
To	  compare	  the	  obtained	  fCbio	  results	  of	  the	  flue	  gas	  CO2	  and	  raw	  SNG	  with	  the	  carbon	  
composition	  of	  the	  input	  materials,	  contributions	  to	  the	  SNG	  process	  of	  other	  (“foreign”)	  
carbon	   sources	   than	   the	   input	  material	   should	   be	   investigated	   and,	   if	   relevant	   (that	   is:	  
with	  large	  carbon	  fraction	  and/or	  large	  difference	  in	  14C	  value	  with	  the	  sample	  material),	  
be	  corrected	  for.	  As	  is	  explained	  in	  chapter	  2,	  the	  contribution	  of	  atmospheric	  air	  CO2	  can	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 become	  (slightly)	  visible	  in	  the	  calculated	  fCbio	  result	  if	  the	  biogenic	  carbon	  fraction	  in	  the	  
sample	   carbon	   is	   below	   10%	   (combined	   with	   a	   certain	   carbon	   fraction	   size).	   The	  
atmospheric	  air	  that	  is	  used	  in	  the	  SNG	  process	  (in	  the	  combustion	  part	  ‘C’	  in	  Figure	  4.1)	  is	  
the	  main	   foreign	   carbon	   source	   that	   was	   identified	   in	   the	   investigated	   SNG	   process.	   It	  
contains	  only	  0.04%	  v/v	  CO2.	  The	  contribution	  of	  this	  CO2	  to	  the	  total	  CO2	  fraction	  in	  the	  
flue	  gas	  (15%	  CO2)	  is	  at	  most	  1:300.	  As	  producer	  gas	  contains	  about	  20%	  CO2	  and	  at	  most	  
a	  few	  %	  vol.	  N2	  from	  air,	  the	  relative	  contribution	  of	  CO2	  from	  air	  is	  even	  smaller	  than	  in	  
the	  flue	  gas.	  Hence,	  the	  effect	  of	  atmospheric	  CO2	  on	  the	  calculated	  
14Csample_measured	  values	  
and	   fCbio	   fractions	   shown	   in	   Tables	   4.3	   and	   4.4	   (all	   >	   10%	   fCbio)	   is	   indeed	   completely	  
negligible.	  	  
According	  to	  the	  results	  obtained	  with	  the	  14C	  method,	  the	  biogenic	  carbon	  fractions	  in	  
flue	   gas	   and	   raw	   SNG	  were	   38%	  and	  89%,	   respectively.	   The	   14C	  method	   thus	   quantifies	  
differences	  in	  carbon	  composition	  at	  different	  stages	  of	  the	  SNG	  process.	  	  
	  
In	   addition	   to	   the	   published	   results	   appendix	   B.4	   gives	   the	   results	   of	   IRMS	   13C	  
measurements	  of	  the	  different	  investigated	  gases	  and	  the	  results	  of	  the	  new	  SCS	  system	  
are	  discussed	  in	  more	  detail.	  
	  
4.3.3	  Bio-­‐fossil	  carbon	  partitioning	  
The	   calculated	   biogenic	   carbon	   fractions	   of	   the	   flue	   gas	   CO2	   and	   raw	   SNG	   samples	  
from	   mixed	   bio-­‐fossil	   input	   materials	   show	   that	   the	   flue	   gas	   CO2	   contains	   more	   fossil	  
carbon	   than	   the	   raw	   SNG	   samples.	   It	   shows	   that	   different	   carbon	   materials	   react	  
differently	   in	   the	  SNG	  process.	   In	   this	   case,	  with	  mixed	  biogenic	  and	   fossil	   carbon	   input	  
materials,	   this	   has	   resulted	   in	   bio-­‐fossil	   carbon	   partitioning.	   If	   unknown	   input	  materials	  
are	   used	   or	   if	   flue	   gas	   and/or	   SNG	   are	   investigated	   for	   verification	   and	   certification	  
purposes,	   separate	   investigations	   (using	   preferably	   the	   14C	  method)	   of	   the	   flue	   gas	   and	  
SNG	  are	  inevitable.	  	  
	  
Figure	  4.2	  gives	  an	  overview	  of	  the	  rate	  of	  bio-­‐fossil	  carbon	  partitioning	  during	  
different	  particular	  steps	  in	  the	  SNG	  process	  that	  results	  from	  this	  study.	  Bio-­‐fossil	  carbon	  
partitioning	  might	  also	  occur	  in	  the	  catalytic	  shift	  and	  methanation	  reactions.	  In	  that	  case	  
it	  would	  be	  likely	  that	  CO2	  and	  CH4	  in	  the	  raw	  SNG	  would	  get	  different	  biogenic	  carbon	  
fractions.	  The	  results	  from	  samples	  6a/b	  and	  8a/b	  in	  Table	  4.4,	  however,	  suggest	  that	  this	  
effect	  is	  minor	  or	  non-­‐existent.	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Figure	  4.2.	  Overview	  of	  bio-­‐fossil	   carbon	  partitioning	   in	   the	   investigated	  SNG	  production	  
process.	  Estimated	  values	  are	  indicated	  with	  italic	  font.	  
	  
Figure	  4.2	  gives	  an	  estimation	  of	  the	  distribution	  of	  biogenic	  and	  fossil	  carbon	  input	  flows	  
over	  the	  different	  process	  steps.	  This	  distribution	  is	  estimated	  based	  on	  the	  input	  carbon	  
flows,	  the	  14C-­‐based	  biogenic	  carbon	  fractions	  in	  the	  flue	  gas	  and	  raw	  SNG	  and	  estimations	  
of	   tar	   and	  dust	   carbon	   flows.	   The	   amount	   of	   dust	   and	   its	   bio-­‐fossil	   carbon	   composition	  
were	  not	  determined,	  but	  it	  seems	  reasonable	  to	  assume	  that	  the	  dust	  was	  relatively	  rich	  
in	   fossil	   carbon.	   The	   biogenic	   carbon	   fraction	   of	   the	   tar	   removed	   by	   OLGA	   was	   not	  
determined	  either,	  but	  is	  likely	  to	  be	  similar	  to	  that	  of	  producer	  gas.	  	  
	  
The	  main	  partitioning	  takes	  place	  during	  the	  gasification.	  During	  this	  step,	  the	  released	  
gases	  are	  ‘producer	  gas’	  while	  the	  remaining	  material	  is	  ‘char’.	  The	  amount	  of	  remaining	  
char	   is,	   among	   other	   process-­‐related	   parameters,	   influenced	   by	   the	   volatility	   of	   the	  
materials.	   Because	   the	   volatility	   of	   the	   wood	   particles	   is	   much	   higher	   than	   that	   of	   the	  
lignite	   particles,	   the	   remaining	   char	  materials	   are	   likely	   to	   contain	   relatively	  more	   fossil	  
carbon	  than	  the	  original	  input	  materials,	  whereas	  the	  producer	  gas	  will	  contain	  relatively	  
more	  biogenic	  carbon.	  The	  difference	   in	  determined	  14C-­‐based	  biogenic	  carbon	  fractions	  
between	  the	  flue	  gas	  CO2	  and	  raw	  SNG	  confirms	  this.	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 become	  (slightly)	  visible	  in	  the	  calculated	  fCbio	  result	  if	  the	  biogenic	  carbon	  fraction	  in	  the	  
sample	   carbon	   is	   below	   10%	   (combined	   with	   a	   certain	   carbon	   fraction	   size).	   The	  
atmospheric	  air	  that	  is	  used	  in	  the	  SNG	  process	  (in	  the	  combustion	  part	  ‘C’	  in	  Figure	  4.1)	  is	  
the	  main	   foreign	   carbon	   source	   that	   was	   identified	   in	   the	   investigated	   SNG	   process.	   It	  
contains	  only	  0.04%	  v/v	  CO2.	  The	  contribution	  of	  this	  CO2	  to	  the	  total	  CO2	  fraction	  in	  the	  
flue	  gas	  (15%	  CO2)	  is	  at	  most	  1:300.	  As	  producer	  gas	  contains	  about	  20%	  CO2	  and	  at	  most	  
a	  few	  %	  vol.	  N2	  from	  air,	  the	  relative	  contribution	  of	  CO2	  from	  air	  is	  even	  smaller	  than	  in	  
the	  flue	  gas.	  Hence,	  the	  effect	  of	  atmospheric	  CO2	  on	  the	  calculated	  
14Csample_measured	  values	  
and	   fCbio	   fractions	   shown	   in	   Tables	   4.3	   and	   4.4	   (all	   >	   10%	   fCbio)	   is	   indeed	   completely	  
negligible.	  	  
According	  to	  the	  results	  obtained	  with	  the	  14C	  method,	  the	  biogenic	  carbon	  fractions	  in	  
flue	   gas	   and	   raw	   SNG	  were	   38%	  and	  89%,	   respectively.	   The	   14C	  method	   thus	   quantifies	  
differences	  in	  carbon	  composition	  at	  different	  stages	  of	  the	  SNG	  process.	  	  
	  
In	   addition	   to	   the	   published	   results	   appendix	   B.4	   gives	   the	   results	   of	   IRMS	   13C	  
measurements	  of	  the	  different	  investigated	  gases	  and	  the	  results	  of	  the	  new	  SCS	  system	  
are	  discussed	  in	  more	  detail.	  
	  
4.3.3	  Bio-­‐fossil	  carbon	  partitioning	  
The	   calculated	   biogenic	   carbon	   fractions	   of	   the	   flue	   gas	   CO2	   and	   raw	   SNG	   samples	  
from	   mixed	   bio-­‐fossil	   input	   materials	   show	   that	   the	   flue	   gas	   CO2	   contains	   more	   fossil	  
carbon	   than	   the	   raw	   SNG	   samples.	   It	   shows	   that	   different	   carbon	   materials	   react	  
differently	   in	   the	  SNG	  process.	   In	   this	   case,	  with	  mixed	  biogenic	  and	   fossil	   carbon	   input	  
materials,	   this	   has	   resulted	   in	   bio-­‐fossil	   carbon	   partitioning.	   If	   unknown	   input	  materials	  
are	   used	   or	   if	   flue	   gas	   and/or	   SNG	   are	   investigated	   for	   verification	   and	   certification	  
purposes,	   separate	   investigations	   (using	   preferably	   the	   14C	  method)	   of	   the	   flue	   gas	   and	  
SNG	  are	  inevitable.	  	  
	  
Figure	  4.2	  gives	  an	  overview	  of	  the	  rate	  of	  bio-­‐fossil	  carbon	  partitioning	  during	  
different	  particular	  steps	  in	  the	  SNG	  process	  that	  results	  from	  this	  study.	  Bio-­‐fossil	  carbon	  
partitioning	  might	  also	  occur	  in	  the	  catalytic	  shift	  and	  methanation	  reactions.	  In	  that	  case	  
it	  would	  be	  likely	  that	  CO2	  and	  CH4	  in	  the	  raw	  SNG	  would	  get	  different	  biogenic	  carbon	  
fractions.	  The	  results	  from	  samples	  6a/b	  and	  8a/b	  in	  Table	  4.4,	  however,	  suggest	  that	  this	  
effect	  is	  minor	  or	  non-­‐existent.	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Figure	  4.2.	  Overview	  of	  bio-­‐fossil	   carbon	  partitioning	   in	   the	   investigated	  SNG	  production	  
process.	  Estimated	  values	  are	  indicated	  with	  italic	  font.	  
	  
Figure	  4.2	  gives	  an	  estimation	  of	  the	  distribution	  of	  biogenic	  and	  fossil	  carbon	  input	  flows	  
over	  the	  different	  process	  steps.	  This	  distribution	  is	  estimated	  based	  on	  the	  input	  carbon	  
flows,	  the	  14C-­‐based	  biogenic	  carbon	  fractions	  in	  the	  flue	  gas	  and	  raw	  SNG	  and	  estimations	  
of	   tar	   and	  dust	   carbon	   flows.	   The	   amount	   of	   dust	   and	   its	   bio-­‐fossil	   carbon	   composition	  
were	  not	  determined,	  but	  it	  seems	  reasonable	  to	  assume	  that	  the	  dust	  was	  relatively	  rich	  
in	   fossil	   carbon.	   The	   biogenic	   carbon	   fraction	   of	   the	   tar	   removed	   by	   OLGA	   was	   not	  
determined	  either,	  but	  is	  likely	  to	  be	  similar	  to	  that	  of	  producer	  gas.	  	  
	  
The	  main	  partitioning	  takes	  place	  during	  the	  gasification.	  During	  this	  step,	  the	  released	  
gases	  are	  ‘producer	  gas’	  while	  the	  remaining	  material	  is	  ‘char’.	  The	  amount	  of	  remaining	  
char	   is,	   among	   other	   process-­‐related	   parameters,	   influenced	   by	   the	   volatility	   of	   the	  
materials.	   Because	   the	   volatility	   of	   the	   wood	   particles	   is	   much	   higher	   than	   that	   of	   the	  
lignite	   particles,	   the	   remaining	   char	  materials	   are	   likely	   to	   contain	   relatively	  more	   fossil	  
carbon	  than	  the	  original	  input	  materials,	  whereas	  the	  producer	  gas	  will	  contain	  relatively	  
more	  biogenic	  carbon.	  The	  difference	   in	  determined	  14C-­‐based	  biogenic	  carbon	  fractions	  
between	  the	  flue	  gas	  CO2	  and	  raw	  SNG	  confirms	  this.	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 The	  average	  biogenic	  carbon	   fraction	  of	   the	  carbon	  components	   in	   the	  producer	  gas	  
was	  not	  determined	  in	  this	  study;	  it	  is	  estimated	  in	  Fig.	  4.2.	  The	  biogenic	  carbon	  fraction	  in	  
the	   producer	   gas	   is	   expected	   to	   be	   slightly	   lower	   than	   determined	   in	   the	   raw	   SNG	  
samples,	   because	   the	   removed	   dust	   was	   assumed	   to	   be	   rich	   in	   fossil	   carbon.	   Still,	   the	  
mixed	  tar	  and	  dust	  fraction	  has	  a	  higher	  biogenic	  carbon	  fraction	  than	  the	  input	  material.	  
In	   a	   large-­‐scale	   production	   facility,	   dust	   and	   tar	   would	   be	   recycled	   to	   the	   combustion	  
section	  of	  the	  gasifier.	  In	  that	  case,	  fCbio	  of	  the	  process	  flue	  gas	  would	  therefore	  increase,	  
to	  about	  45%.	  
	  
In	  this	  study	  a	  MILENA	  allothermal	  gasifier	  was	  used	  which	  showed	  particular	  bio-­‐fossil	  
carbon	  partitioning	   for	  a	   certain	  mixture	  of	  wood	  and	   lignite.	   	  With	  other	  gasifier	   types	  
different	  partitioning	  results	  are	  expected	  when	  the	  same	  input	  mixture	  is	  used.	  In	  other	  
allothermal	  gasifier	  types	  in	  which	  more	  steam	  is	  used	  during	  the	  gasification	  step	  or	  that	  
allow	   char	  more	   reaction	   time	  with	   steam	   or	   producer	   gas	   (such	   as	   the	   Fast	   Internally	  
Circulating	   Fluidized	   Bed	   (FICFB)	   gasifier	   or	   the	   Heatpipe	   Reformer),	   more	   char	   will	   be	  
converted	   into	  producer	  gas.	  For	   these	   types	  of	  gasifiers	   the	   fCbio	   result	   in	   the	  producer	  
gas	  will	  be	  lower	  than	  with	  the	  MILENA	  gasifier,	  but	  will	  still	  be	  higher	  than	  the	  fCbio	  value	  
of	  the	  mixed	  wood/lignite	  input	  material.	  In	  gasifier	  processes	  in	  which	  not	  only	  char,	  but	  
also	   part	   of	   the	   producer	   gas	   or	   input	  mixture	   is	   combusted	   to	   cover	   the	   process	   heat	  
demand,	  the	  fCbio	  value	  in	  the	  flue	  gas	  will	   increase,	  but	  is	   likely	  to	  remain	  below	  fCbio	  of	  
the	  input	  mixture.	  	  
	  
In	   direct	   gasifiers,	   combustion	   and	   gasification	   reactions	   occur	   in	   a	   single	   reactor,	  
resulting	  in	  producer	  gas	  diluted	  by	  combustion	  products.	  If	  in	  this	  process	  (with	  a	  wood	  
and	   lignite	  mixture)	   char	   is	   produced,	   it	   is	   expected	   that	   the	   residue	  will	   contain	  more	  
lignite	  carbon	  than	  wood	  carbon	  (similar	  to	  the	  char	  production	   in	  the	  MILENA	  gasifier).	  
The	   fCbio	   value	   of	   the	   producer	   gas	   will	   then	   be	   slightly	   higher	   than	   fCbio	   of	   the	   input	  
mixture,	  but	   is	   likely	   to	  be	   lower	  than	  the	  value	  obtained	  with	  the	  MILENA	  gasifier.	   If	   in	  
this	  direct	  gasifier	  all	  carbon	  is	  converted	  to	  gaseous	  products,	  the	  fCbio	  values	  of	  the	  raw	  
SNG	  gas	  and	  the	  input	  material	  will	  be	  identical.	  For	  these	  latter	  direct	  gasifiers	  separate	  
14C	  analysis	  of	  the	  SNG	  product	  would	  not	  be	  necessary	  for	  determination	  purposes	  if	  the	  
biogenic	  carbon	  fraction	  of	  the	  input	  material	  is	  already	  very	  well	  known.	  However,	  if	  the	  
biogenic	   carbon	   composition	   of	   the	   input	  material	   is	   unknown	   (waste	  materials)	   or	   the	  
SNG	  needs	  to	  be	  verified,	  the	  best	  way	  to	  determine	  the	  biogenic	  carbon	  fraction	  of	  the	  
produced	   SNG	   for	   direct	   gasifiers	   is	   by	   measuring	   the	   SNG	   gas	   on	   its	   biogenic	   carbon	  






The	   applicability	   of	   the	   14C	   method	   for	   the	   quantification	   of	   the	   biogenic	   carbon	  
fractions	  at	  different	  stages	  of	  the	  SNG	  production	  process	  is	  demonstrated	  in	  this	  study.	  
The	   14C-­‐based	   biogenic	   carbon	   fractions	   of	   flue	   gas	   and	   raw	   SNG	   were	   38%	   and	   89%	  
respectively	   if	   a	  mixture	   of	  wood	   and	   lignite	  with	   75%	   of	   biogenic	   carbon	  was	   used	   as	  
input	   materials.	   The	   applied	   14C	   method	   makes	   differences	   visible	   in	   bio-­‐fossil	   carbon	  
composition	  at	  different	  stages	  of	  the	  SNG	  process.	  	  
	  
The	  flue	  gas	  and	  raw	  SNG	  have	  very	  different	  biogenic	  carbon	  fractions	  compared	  to	  
the	  ‘input’	  value	  of	  75	  ±	  3%.	  This	  change	  in	  biogenic	  carbon	  fraction	  is	  caused	  by	  bio-­‐fossil	  
carbon	   partitioning	   during	   the	   SNG	   production	   process.	   The	   main	   bio-­‐fossil	   carbon	  
partitioning	  in	  this	  study	  took	  place	  during	  the	  gasification	  of	  the	  input	  material	  and	  was	  
related	  to	  the	   large	  differences	  between	  the	  used	  wood	  particles	  and	   lignite	   in	  volatility	  
and	  char	  content.	  A	  considerable	  preference	  was	  found	  for	  the	  biogenic	  input	  materials	  to	  
end	  up	  as	  raw	  SNG,	  making	  this	  fuel	  product	  more	  biogenic	  and	  the	  process	  flue	  gas	  more	  
fossil	  than	  the	  original	  input	  mixture.	  	  
	  
For	   the	  determination,	   verification	  or	   certification	  of	   the	  biogenic	   carbon	   fraction	   in	  
the	   SNG	   production	   process	   (not	   to	   be	   confused	   with	   its	   biogenic	   energy	   content),	  
analysis	  of	  each	  of	  the	  process	  gas	  streams	  is	   inevitable.	  The	  14C	  method	  is	  probably	  the	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 The	  average	  biogenic	  carbon	   fraction	  of	   the	  carbon	  components	   in	   the	  producer	  gas	  
was	  not	  determined	  in	  this	  study;	  it	  is	  estimated	  in	  Fig.	  4.2.	  The	  biogenic	  carbon	  fraction	  in	  
the	   producer	   gas	   is	   expected	   to	   be	   slightly	   lower	   than	   determined	   in	   the	   raw	   SNG	  
samples,	   because	   the	   removed	   dust	   was	   assumed	   to	   be	   rich	   in	   fossil	   carbon.	   Still,	   the	  
mixed	  tar	  and	  dust	  fraction	  has	  a	  higher	  biogenic	  carbon	  fraction	  than	  the	  input	  material.	  
In	   a	   large-­‐scale	   production	   facility,	   dust	   and	   tar	   would	   be	   recycled	   to	   the	   combustion	  
section	  of	  the	  gasifier.	  In	  that	  case,	  fCbio	  of	  the	  process	  flue	  gas	  would	  therefore	  increase,	  
to	  about	  45%.	  
	  
In	  this	  study	  a	  MILENA	  allothermal	  gasifier	  was	  used	  which	  showed	  particular	  bio-­‐fossil	  
carbon	  partitioning	   for	  a	   certain	  mixture	  of	  wood	  and	   lignite.	   	  With	  other	  gasifier	   types	  
different	  partitioning	  results	  are	  expected	  when	  the	  same	  input	  mixture	  is	  used.	  In	  other	  
allothermal	  gasifier	  types	  in	  which	  more	  steam	  is	  used	  during	  the	  gasification	  step	  or	  that	  
allow	   char	  more	   reaction	   time	  with	   steam	   or	   producer	   gas	   (such	   as	   the	   Fast	   Internally	  
Circulating	   Fluidized	   Bed	   (FICFB)	   gasifier	   or	   the	   Heatpipe	   Reformer),	   more	   char	   will	   be	  
converted	   into	  producer	  gas.	  For	   these	   types	  of	  gasifiers	   the	   fCbio	   result	   in	   the	  producer	  
gas	  will	  be	  lower	  than	  with	  the	  MILENA	  gasifier,	  but	  will	  still	  be	  higher	  than	  the	  fCbio	  value	  
of	  the	  mixed	  wood/lignite	  input	  material.	  In	  gasifier	  processes	  in	  which	  not	  only	  char,	  but	  
also	   part	   of	   the	   producer	   gas	   or	   input	  mixture	   is	   combusted	   to	   cover	   the	   process	   heat	  
demand,	  the	  fCbio	  value	  in	  the	  flue	  gas	  will	   increase,	  but	  is	   likely	  to	  remain	  below	  fCbio	  of	  
the	  input	  mixture.	  	  
	  
In	   direct	   gasifiers,	   combustion	   and	   gasification	   reactions	   occur	   in	   a	   single	   reactor,	  
resulting	  in	  producer	  gas	  diluted	  by	  combustion	  products.	  If	  in	  this	  process	  (with	  a	  wood	  
and	   lignite	  mixture)	   char	   is	   produced,	   it	   is	   expected	   that	   the	   residue	  will	   contain	  more	  
lignite	  carbon	  than	  wood	  carbon	  (similar	  to	  the	  char	  production	   in	  the	  MILENA	  gasifier).	  
The	   fCbio	   value	   of	   the	   producer	   gas	   will	   then	   be	   slightly	   higher	   than	   fCbio	   of	   the	   input	  
mixture,	  but	   is	   likely	   to	  be	   lower	  than	  the	  value	  obtained	  with	  the	  MILENA	  gasifier.	   If	   in	  
this	  direct	  gasifier	  all	  carbon	  is	  converted	  to	  gaseous	  products,	  the	  fCbio	  values	  of	  the	  raw	  
SNG	  gas	  and	  the	  input	  material	  will	  be	  identical.	  For	  these	  latter	  direct	  gasifiers	  separate	  
14C	  analysis	  of	  the	  SNG	  product	  would	  not	  be	  necessary	  for	  determination	  purposes	  if	  the	  
biogenic	  carbon	  fraction	  of	  the	  input	  material	  is	  already	  very	  well	  known.	  However,	  if	  the	  
biogenic	   carbon	   composition	   of	   the	   input	  material	   is	   unknown	   (waste	  materials)	   or	   the	  
SNG	  needs	  to	  be	  verified,	  the	  best	  way	  to	  determine	  the	  biogenic	  carbon	  fraction	  of	  the	  
produced	   SNG	   for	   direct	   gasifiers	   is	   by	   measuring	   the	   SNG	   gas	   on	   its	   biogenic	   carbon	  






The	   applicability	   of	   the	   14C	   method	   for	   the	   quantification	   of	   the	   biogenic	   carbon	  
fractions	  at	  different	  stages	  of	  the	  SNG	  production	  process	  is	  demonstrated	  in	  this	  study.	  
The	   14C-­‐based	   biogenic	   carbon	   fractions	   of	   flue	   gas	   and	   raw	   SNG	   were	   38%	   and	   89%	  
respectively	   if	   a	  mixture	   of	  wood	   and	   lignite	  with	   75%	   of	   biogenic	   carbon	  was	   used	   as	  
input	   materials.	   The	   applied	   14C	   method	   makes	   differences	   visible	   in	   bio-­‐fossil	   carbon	  
composition	  at	  different	  stages	  of	  the	  SNG	  process.	  	  
	  
The	  flue	  gas	  and	  raw	  SNG	  have	  very	  different	  biogenic	  carbon	  fractions	  compared	  to	  
the	  ‘input’	  value	  of	  75	  ±	  3%.	  This	  change	  in	  biogenic	  carbon	  fraction	  is	  caused	  by	  bio-­‐fossil	  
carbon	   partitioning	   during	   the	   SNG	   production	   process.	   The	   main	   bio-­‐fossil	   carbon	  
partitioning	  in	  this	  study	  took	  place	  during	  the	  gasification	  of	  the	  input	  material	  and	  was	  
related	  to	  the	   large	  differences	  between	  the	  used	  wood	  particles	  and	   lignite	   in	  volatility	  
and	  char	  content.	  A	  considerable	  preference	  was	  found	  for	  the	  biogenic	  input	  materials	  to	  
end	  up	  as	  raw	  SNG,	  making	  this	  fuel	  product	  more	  biogenic	  and	  the	  process	  flue	  gas	  more	  
fossil	  than	  the	  original	  input	  mixture.	  	  
	  
For	   the	  determination,	   verification	  or	   certification	  of	   the	  biogenic	   carbon	   fraction	   in	  
the	   SNG	   production	   process	   (not	   to	   be	   confused	   with	   its	   biogenic	   energy	   content),	  
analysis	  of	  each	  of	  the	  process	  gas	  streams	  is	   inevitable.	  The	  14C	  method	  is	  probably	  the	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A.4.1	  Introduction	  
In	   the	   period	   2011-­‐2013,	   CIO	  was	   involved	   in	   one	   of	   the	   sub-­‐projects	   of	   the	   EDGaR	  
(Energy	  Delta	  Gas	  Research)	  project:	  (A2)	  AGATE-­‐1.	  In	  this	  sub-­‐project	  CIO	  worked	  on	  two	  
research	  topics.	  The	  first	  topic	  was	  the	  investigation	  of	  the	  application	  of	  the	  14C	  method	  
for	  mixtures	  of	  biogas	  and	  natural	  gas	  and	  the	  investigation	  of	  specific	  uncertainties	  in	  this	  
method.	  The	  results	  of	  that	  study	  are	  described	  in	  chapter	  4.	  In	  that	  study	  a	  laboratory	  set	  
up	  was	  developed	  and	  used	  to	  first	  separate	  the	  CO2	  and	  CH4	  fractions	  and	  then	  combust	  
the	   CH4	   fraction	   to	   CO2.	   The	   volumes	   of	   gas	   that	   were	   pre-­‐treated	   in	   that	   way	   were	  
between	  250	  and	  500	  ml	  (STP),	  to	  obtain	  enough	  CO2	  for	  bio-­‐fossil	  mixture	  experiments.	  
These	  amounts	  are,	  however,	  not	  necessary	  for	  (single)	  carbon	  isotope	  analyses	  of	  gases.	  
For	   14C	   analysis	   4	   ml	   of	   CO2	   per	   sample	   is	   sufficient.	   Also,	   the	   used	   separation	   and	  
combustion	   set-­‐ups	   had	   a	   relatively	   large	   volume	   (>	   2	   liter)	   which	   makes	   them	   not	  
suitable	  for	  <	  50	  ml	  gas	  samples,	  due	  to	  higher	  risks	  of	  contamination	  (due	  to	   large	  wall	  
surfaces)	  and	  because	   the	  amount	  of	  CO2	   in	   the	   system	  parts	  would	  be	   too	   small	   to	  be	  
quantified	  based	  on	  the	  used	  pressure	  sensors	  in	  the	  system.	  Therefore,	  a	  new	  separation	  
and	  combustion	  system	  (SCS)	  was	  developed	  and	  built	  in	  2013.	  This	  new	  system	  was	  used	  
for	  the	  SNG	  samples	  investigated	  in	  this	  chapter	  5.	  In	  this	  appendix	  A,	  the	  used	  separation	  
and	  combustion	  method	  is	  described	  in	  more	  detail.	  The	  applied	  method	  was	  tested	  once	  
on	  a	  mixture	  of	  CO2	  and	  CH4	  with	  known	  and	  very	  different	  δ
13C	  values,	  before	  it	  was	  used	  
for	   the	   SNG	   samples.	   This	   test	   showed	   that	   CO2	   and	   CH4	   were	   separated	  well	   and	   the	  
combustion	  of	  CH4	  gave	  CO2	  with	  the	  right	  δ
13C	  value.	  
Several	  control	   (check)	  and	  maintenance	  aspects	  of	  the	  developed	  system	  are	  still	   to	  
be	   investigated.	   Such	   as	   the	   calibration	   of	   the	   different	   glass	   volumes	   (to	   be	   able	   to	  
calculate	  amounts	  of	  CH4	  and	  CO2	  in	  the	  system)	  and	  investigations	  of	  the	  reproducibility	  
of	  the	  combustion	  to	  find	  out	  the	  number	  of	  combustions	  that	  can	  be	  performed	  before	  
the	  CuO	  oven	  needs	  to	  be	  oxidized	  with	  pure	  O2.	  
	  
A.4.2	  Separation	  and	  combustion	  system	  (SCS)	  and	  applied	  method	  
Figure	   A.4.1	   gives	   an	   overview	   of	   the	   developed	   system	   that	  was	   used	   for	   the	   SNG	  
samples	   investigated	   in	   this	   chapter.	   The	   numbers	   1-­‐	   4	   show	   the	   separation	   part,	  




Figure	  A.4.1	  Overview	  of	  separation	  and	  combustion	  system	  (SCS)	  developed	  and	  used	  at	  
CIO	  to	  prepare	  pure	  CO2	  from	  different	  carbon	  fractions	  in	  gases	  that	  contain	  mainly	  CO2	  
and/or	  CH4.	  
	  
A.4.2.1	  Separation	  of	  the	  CO2	  fraction	  
To	   investigate	   the	   carbon	   isotope	   values	   for	   the	   CO2	   and	   CH4	   fractions	   of	   gases	  
separately,	  the	  CO2	  fraction	  was	  first	  separated.	  Approximately	  50	  ml	  of	  gas	  sample	  was	  
brought	  in	  the	  ‘sample	  input	  volume’	  of	  the	  vacuum	  pumped	  separation	  part	  (figure	  A.4.1	  
–	  right	  upper	  part).	  Then	  a	  valve	  was	  opened	  to	  a	  glass	  volume	  in	  which	  gas	  molecules	  like	  
H2O	  were	  cryogenically	  trapped	  (-­‐78	  °C	  with	  ethanol/dry	  ice).	  Another	  valve	  was	  opened	  
to	   a	   glass	   volume	   that	   was	   surrounded	   with	   a	   glass	   volume	   filled	   with	   melting	   iso-­‐
pentane.	   This	   iso-­‐pentane	   was	   first	   frozen	   (-­‐196	   °C)	   using	   liquid	   nitrogen	   and	   then	  
warmed	  up	  again	  by	  removal	  of	  the	  liquid	  nitrogen.	  The	  melting	  temperature	  of	  the	  iso-­‐
pentane	  was	  approximately	  -­‐160	  °C.	  At	  this	  temperature	  the	  main	  part	  of	  the	  CO2	  fraction	  
was	   trapped	   in	   the	   glass	   volume	   while	   the	   CH4	   fraction	   was	   not	   trapped.	   A	   second	  
cryogenic	  trap	  (196	  °C;	  liquid	  N2)	  was	  used	  to	  trap	  remaining	  CO2	  that	  was	  not	  trapped	  in	  
the	   iso-­‐pentane	   trap.	   The	   remaining	   gas	   with	   the	   CH4	   fraction	   was	   then	   cryogenically	  
trapped	   in	  a	  cooled	  (-­‐196	  °C;	   liquid	  N2)	  20-­‐mL	  flask,	  which	  was	  filled	  with	  a	  few	  gram	  of	  
molecular	  sieve	  5A.	  This	  particular	  set	  up	  was	  used	  because	  experiments	  of	  the	  separation	  
system	  used	  in	  the	  study	  of	  chapter	  3,	  had	  shown	  that	  this	  second	  CO2	  trap,	  between	  the	  
iso-­‐pentane	   CO2-­‐trap	   and	   the	   cooled	  molecular	   sieve	   CH4	   trap,	   was	   crucial	   to	   trap	   the	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  based	  on	  the	  used	  pressure	  sensors	  in	  the	  system.	  Therefore,	  a	  new	  separation	  
and	  combustion	  system	  (SCS)	  was	  developed	  and	  built	  in	  2013.	  This	  new	  system	  was	  used	  
for	  the	  SNG	  samples	  investigated	  in	  this	  chapter	  5.	  In	  this	  appendix	  A,	  the	  used	  separation	  
and	  combustion	  method	  is	  described	  in	  more	  detail.	  The	  applied	  method	  was	  tested	  once	  
on	  a	  mixture	  of	  CO2	  and	  CH4	  with	  known	  and	  very	  different	  δ
13C	  values,	  before	  it	  was	  used	  
for	   the	   SNG	   samples.	   This	   test	   showed	   that	   CO2	   and	   CH4	   were	   separated	  well	   and	   the	  
combustion	  of	  CH4	  gave	  CO2	  with	  the	  right	  δ
13C	  value.	  
Several	  control	   (check)	  and	  maintenance	  aspects	  of	  the	  developed	  system	  are	  still	   to	  
be	   investigated.	   Such	   as	   the	   calibration	   of	   the	   different	   glass	   volumes	   (to	   be	   able	   to	  
calculate	  amounts	  of	  CH4	  and	  CO2	  in	  the	  system)	  and	  investigations	  of	  the	  reproducibility	  
of	  the	  combustion	  to	  find	  out	  the	  number	  of	  combustions	  that	  can	  be	  performed	  before	  
the	  CuO	  oven	  needs	  to	  be	  oxidized	  with	  pure	  O2.	  
	  
A.4.2	  Separation	  and	  combustion	  system	  (SCS)	  and	  applied	  method	  
Figure	   A.4.1	   gives	   an	   overview	   of	   the	   developed	   system	   that	  was	   used	   for	   the	   SNG	  
samples	   investigated	   in	   this	   chapter.	   The	   numbers	   1-­‐	   4	   show	   the	   separation	   part,	  




Figure	  A.4.1	  Overview	  of	  separation	  and	  combustion	  system	  (SCS)	  developed	  and	  used	  at	  
CIO	  to	  prepare	  pure	  CO2	  from	  different	  carbon	  fractions	  in	  gases	  that	  contain	  mainly	  CO2	  
and/or	  CH4.	  
	  
A.4.2.1	  Separation	  of	  the	  CO2	  fraction	  
To	   investigate	   the	   carbon	   isotope	   values	   for	   the	   CO2	   and	   CH4	   fractions	   of	   gases	  
separately,	  the	  CO2	  fraction	  was	  first	  separated.	  Approximately	  50	  ml	  of	  gas	  sample	  was	  
brought	  in	  the	  ‘sample	  input	  volume’	  of	  the	  vacuum	  pumped	  separation	  part	  (figure	  A.4.1	  
–	  right	  upper	  part).	  Then	  a	  valve	  was	  opened	  to	  a	  glass	  volume	  in	  which	  gas	  molecules	  like	  
H2O	  were	  cryogenically	  trapped	  (-­‐78	  °C	  with	  ethanol/dry	  ice).	  Another	  valve	  was	  opened	  
to	   a	   glass	   volume	   that	   was	   surrounded	   with	   a	   glass	   volume	   filled	   with	   melting	   iso-­‐
pentane.	   This	   iso-­‐pentane	   was	   first	   frozen	   (-­‐196	   °C)	   using	   liquid	   nitrogen	   and	   then	  
warmed	  up	  again	  by	  removal	  of	  the	  liquid	  nitrogen.	  The	  melting	  temperature	  of	  the	  iso-­‐
pentane	  was	  approximately	  -­‐160	  °C.	  At	  this	  temperature	  the	  main	  part	  of	  the	  CO2	  fraction	  
was	   trapped	   in	   the	   glass	   volume	   while	   the	   CH4	   fraction	   was	   not	   trapped.	   A	   second	  
cryogenic	  trap	  (196	  °C;	  liquid	  N2)	  was	  used	  to	  trap	  remaining	  CO2	  that	  was	  not	  trapped	  in	  
the	   iso-­‐pentane	   trap.	   The	   remaining	   gas	   with	   the	   CH4	   fraction	   was	   then	   cryogenically	  
trapped	   in	  a	  cooled	  (-­‐196	  °C;	   liquid	  N2)	  20-­‐mL	  flask,	  which	  was	  filled	  with	  a	  few	  gram	  of	  
molecular	  sieve	  5A.	  This	  particular	  set	  up	  was	  used	  because	  experiments	  of	  the	  separation	  
system	  used	  in	  the	  study	  of	  chapter	  3,	  had	  shown	  that	  this	  second	  CO2	  trap,	  between	  the	  
iso-­‐pentane	   CO2-­‐trap	   and	   the	   cooled	  molecular	   sieve	   CH4	   trap,	   was	   crucial	   to	   trap	   the	  
Carbon partitioning SNG production
101
4
 entire	  CO2	  fraction.	  Without	  the	  second	  CO2	  trap	  part	  of	  the	  CO2	  was	  also	  trapped	  in	  the	  
flask	   with	   the	   CH4	   fraction.	   The	   obtained	   CO2	   in	   both	   cryogenic	   CO2	   traps	   was	   mixed	  
together	  and	  cryogenically	  trapped.	  	  
The	  obtained	  CO2	  fraction	  was	  then	  divided	  over	  two	  20-­‐mL	  flasks.	  The	  CO2	  of	  one	  of	  
these	  flasks	  was	  measured	  on	  δ13C	  with	  a	  SIRA-­‐10	  IRMS.	  The	  other	  flask	  was	  used	  for	  14C	  
measurement.	  This	   latter	   flask	  contained	  Sulfix	   (WAKO,	  8∼20	  mesh)	  and	  was	  heated	   for	  
one	   night	   at	   200	   °C.	   It	   was	   used	   to	   remove	   sulphur-­‐containing	   components	   from	   the	  
trapped	  gas	  as	  these	  components	  hamper	  a	  fast	  graphitization	  of	  the	  CO2.	  Biogases	  often	  
contain	  traces	  of	  sulphur-­‐containing	  components.	  
	  
A.4.2.2	  Combustion	  of	  the	  CH4	  fraction	  
The	  flask	  with	  the	  CH4	  fraction	  was	  then	  moved	  from	  the	  separation	  part	  of	  the	  system	  
to	   the	   combustion	   part	   and	   connected	   to	   this	   vacuum	  pumped	   combustion	   part	   of	   the	  
SCS	   system	   (Fig.	  A.4.1,	   left	  –	   lower	   input	  entrance).	  The	  CH4	   fraction	  was	   released	   from	  
the	  molecular	  sieve	  material	  by	  warming	  the	  flask	  with	  a	  blower.	  The	  gas	  from	  the	  flask	  
was	  led	  into	  a	  system	  consisting	  a	  CuO-­‐oven	  (heated	  at	  850	  °C),	  a	  cryogenic	  H2O	  trap	  (-­‐78	  
°C;	   ethanol/dry	   ice)	   and	   a	   volume	   with	   a	   magnetic	   stirrer	   that	   pumps	   the	   gas	   in	   the	  
system	  from	  the	  volume	  behind	  the	  CuO-­‐oven	  towards	  the	  volume	  before	  the	  CuO-­‐oven	  
with	  a	  certain	  flow	  rate.	  In	  this	  way,	  the	  CH4	  is	  forced	  several	  times	  through	  the	  CuO-­‐oven	  
to	  obtain	  maximal	   combustion	  efficiency	  and	  CO2	  yield.	  After	  a	   certain	   time	  period,	   the	  
formed	  CO2	  fraction	  in	  the	  gas	  sample	  was	  cryogenically	  trapped	  (-­‐196	  °C;	  liquid	  N2).	  The	  
combustion	  of	  the	  CH4	  fraction	  was	  ended	  as	  soon	  as	  the	  pressure	  in	  the	  system	  did	  not	  
drop	   any	   further	   (which	   indicates	   that	   no	   CO2	   is	   formed	   and	   trapped	   anymore).	   The	  
remaining	  gas	  was	  pumped	  away	  and	  the	  trapped	  CO2	  fraction	  was	  let	  through	  a	  vacuum	  
pumped	  Ag/Cu-­‐oven	  (450	  °C)	  to	  remove	  any	  formed	  sulphur	  and	  nitrogen	  oxides	  before	  it	  
was	  trapped	  in	  a	  second	  cryogenic	  CO2	  trap	  (-­‐196	  °C;	  liquid	  N2).	  	  
Finally	  the	  CO2	  was	  divided	  over	  two	  separated	  volumes	   in	  the	  system	  to	  obtain	  two	  
samples	  for	  13C	  and	  14C	  measurements,	  respectively.	  The	  CO2	  was	  divided	  over	  the	  volume	  
of	   the	  second	  CO2	   trap	  and	   the	  volume	   to	   the	  20-­‐ml	   flask	  plus	  volume	  of	   the	   flask.	  The	  
valve	  between	  the	  CO2	  trap	  and	  the	  other	  volume	  was	  then	  closed.	  The	  CO2	  in	  the	  volume	  
after	   the	   CO2	   trap	  was	   then	   cryogenically	   trapped	   in	   the	   flask.	   This	   flask	   was	   removed	  
from	  the	  system	  and	  a	  new	  one	  was	  attached	  to	  the	  system	  and	  vacuum	  pumped.	  Then	  
the	   CO2	   volume	   that	   was	   still	   stored	   in	   the	   CO2	   trap	   was	   cryogenically	   trapped	   in	   the	  
second	   flask.	   The	   flask	   for	   14C	   measurement	   contained	   Sulfix	   and	   was	   heated	   for	   one	  







δ13C	  IRMS	  measurement	  results	  of	  the	  investigated	  flue	  gas	  and	  SNG	  samples	  
	  
B.4.1	  Introduction	  
To	   investigate	   differences	   in	   δ13C	   values	   between	   the	   different	   investigated	   carbon	  
components	  in	  the	  SNG	  production	  process,	  all	  obtained	  CO2	  from	  the	  gas	  samples	  were	  
not	   only	   analysed	   on	   14C	   values	   with	   AMS,	   but	   also	   with	   an	   Isotope	   Ratio	   Mass	  
Spectrometer	  on	  δ13C	  values.	  Also	  the	  different	  carbon	  materials	  of	  the	  input	  material	  for	  
the	   SNG	   process	   were	   analysed	   on	   δ13C	   with	   IRMS.	   The	   results	   of	   these	   IRMS	  
measurements	   are	   given	   in	   this	   appendix	   as	   additional	   information.	   The	   applied	  
separation	  procedure	  with	  the	  new	  SCS	  system	  is	  discussed	  based	  on	  the	  measured	  IRMS	  
δ13C	  results	   for	   the	  gas	  samples.	  The	  analytical	  precision	  of	  a	   IRMS	  δ13C	  measurement	   is	  
typically	  ≤	  0.05‰.	  
	  
B.4.2	  Measurement	  results	  
	  
Table	  B.4.1	  IRMS	  δ13C	  values	  of	  investigated	  flue	  gas	  and	  SNG	  samples	  
Sample	   IRMS	  δ13Csample	  (‰)	  
1_Flue	  gas	  CO2	   -­‐25.4	  
2_SNG	  total	  gas	   -­‐26.3	  
2a_SNG	  CO2	  fraction	   -­‐12.5	  
2b_SNG	  CH4	  fraction	   -­‐37.4	  
	   	  
3_Flue	  gas	  CO2	   -­‐26.7	  
4a_SNG	  CO2	  fraction	   -­‐12.4	  
4b_SNG	  CH4	  fraction	   -­‐37.8	  
	   	  
5_Flue	  gas	  CO2	   -­‐24.0	  
6_SNG	  total	  gas	   -­‐27.2	  
6a_SNG	  CO2	  fraction	   -­‐12.8	  
6b_SNG	  CH4	  fraction	   -­‐39.4	  
	  	   	  
7_Flue	  gas	  CO2	   -­‐24.1	  
8_SNG	  total	  gas	   -­‐27.3	  
8a_SNG	  CO2	  fraction	   -­‐12.3	  





 entire	  CO2	  fraction.	  Without	  the	  second	  CO2	  trap	  part	  of	  the	  CO2	  was	  also	  trapped	  in	  the	  
flask	   with	   the	   CH4	   fraction.	   The	   obtained	   CO2	   in	   both	   cryogenic	   CO2	   traps	   was	   mixed	  
together	  and	  cryogenically	  trapped.	  	  
The	  obtained	  CO2	  fraction	  was	  then	  divided	  over	  two	  20-­‐mL	  flasks.	  The	  CO2	  of	  one	  of	  
these	  flasks	  was	  measured	  on	  δ13C	  with	  a	  SIRA-­‐10	  IRMS.	  The	  other	  flask	  was	  used	  for	  14C	  
measurement.	  This	   latter	   flask	  contained	  Sulfix	   (WAKO,	  8∼20	  mesh)	  and	  was	  heated	   for	  
one	   night	   at	   200	   °C.	   It	   was	   used	   to	   remove	   sulphur-­‐containing	   components	   from	   the	  
trapped	  gas	  as	  these	  components	  hamper	  a	  fast	  graphitization	  of	  the	  CO2.	  Biogases	  often	  
contain	  traces	  of	  sulphur-­‐containing	  components.	  
	  
A.4.2.2	  Combustion	  of	  the	  CH4	  fraction	  
The	  flask	  with	  the	  CH4	  fraction	  was	  then	  moved	  from	  the	  separation	  part	  of	  the	  system	  
to	   the	   combustion	   part	   and	   connected	   to	   this	   vacuum	  pumped	   combustion	   part	   of	   the	  
SCS	   system	   (Fig.	  A.4.1,	   left	  –	   lower	   input	  entrance).	  The	  CH4	   fraction	  was	   released	   from	  
the	  molecular	  sieve	  material	  by	  warming	  the	  flask	  with	  a	  blower.	  The	  gas	  from	  the	  flask	  
was	  led	  into	  a	  system	  consisting	  a	  CuO-­‐oven	  (heated	  at	  850	  °C),	  a	  cryogenic	  H2O	  trap	  (-­‐78	  
°C;	   ethanol/dry	   ice)	   and	   a	   volume	   with	   a	   magnetic	   stirrer	   that	   pumps	   the	   gas	   in	   the	  
system	  from	  the	  volume	  behind	  the	  CuO-­‐oven	  towards	  the	  volume	  before	  the	  CuO-­‐oven	  
with	  a	  certain	  flow	  rate.	  In	  this	  way,	  the	  CH4	  is	  forced	  several	  times	  through	  the	  CuO-­‐oven	  
to	  obtain	  maximal	   combustion	  efficiency	  and	  CO2	  yield.	  After	  a	   certain	   time	  period,	   the	  
formed	  CO2	  fraction	  in	  the	  gas	  sample	  was	  cryogenically	  trapped	  (-­‐196	  °C;	  liquid	  N2).	  The	  
combustion	  of	  the	  CH4	  fraction	  was	  ended	  as	  soon	  as	  the	  pressure	  in	  the	  system	  did	  not	  
drop	   any	   further	   (which	   indicates	   that	   no	   CO2	   is	   formed	   and	   trapped	   anymore).	   The	  
remaining	  gas	  was	  pumped	  away	  and	  the	  trapped	  CO2	  fraction	  was	  let	  through	  a	  vacuum	  
pumped	  Ag/Cu-­‐oven	  (450	  °C)	  to	  remove	  any	  formed	  sulphur	  and	  nitrogen	  oxides	  before	  it	  
was	  trapped	  in	  a	  second	  cryogenic	  CO2	  trap	  (-­‐196	  °C;	  liquid	  N2).	  	  
Finally	  the	  CO2	  was	  divided	  over	  two	  separated	  volumes	   in	  the	  system	  to	  obtain	  two	  
samples	  for	  13C	  and	  14C	  measurements,	  respectively.	  The	  CO2	  was	  divided	  over	  the	  volume	  
of	   the	  second	  CO2	   trap	  and	   the	  volume	   to	   the	  20-­‐ml	   flask	  plus	  volume	  of	   the	   flask.	  The	  
valve	  between	  the	  CO2	  trap	  and	  the	  other	  volume	  was	  then	  closed.	  The	  CO2	  in	  the	  volume	  
after	   the	   CO2	   trap	  was	   then	   cryogenically	   trapped	   in	   the	   flask.	   This	   flask	   was	   removed	  
from	  the	  system	  and	  a	  new	  one	  was	  attached	  to	  the	  system	  and	  vacuum	  pumped.	  Then	  
the	   CO2	   volume	   that	   was	   still	   stored	   in	   the	   CO2	   trap	   was	   cryogenically	   trapped	   in	   the	  
second	   flask.	   The	   flask	   for	   14C	   measurement	   contained	   Sulfix	   and	   was	   heated	   for	   one	  







δ13C	  IRMS	  measurement	  results	  of	  the	  investigated	  flue	  gas	  and	  SNG	  samples	  
	  
B.4.1	  Introduction	  
To	   investigate	   differences	   in	   δ13C	   values	   between	   the	   different	   investigated	   carbon	  
components	  in	  the	  SNG	  production	  process,	  all	  obtained	  CO2	  from	  the	  gas	  samples	  were	  
not	   only	   analysed	   on	   14C	   values	   with	   AMS,	   but	   also	   with	   an	   Isotope	   Ratio	   Mass	  
Spectrometer	  on	  δ13C	  values.	  Also	  the	  different	  carbon	  materials	  of	  the	  input	  material	  for	  
the	   SNG	   process	   were	   analysed	   on	   δ13C	   with	   IRMS.	   The	   results	   of	   these	   IRMS	  
measurements	   are	   given	   in	   this	   appendix	   as	   additional	   information.	   The	   applied	  
separation	  procedure	  with	  the	  new	  SCS	  system	  is	  discussed	  based	  on	  the	  measured	  IRMS	  
δ13C	  results	   for	   the	  gas	  samples.	  The	  analytical	  precision	  of	  a	   IRMS	  δ13C	  measurement	   is	  
typically	  ≤	  0.05‰.	  
	  
B.4.2	  Measurement	  results	  
	  
Table	  B.4.1	  IRMS	  δ13C	  values	  of	  investigated	  flue	  gas	  and	  SNG	  samples	  
Sample	   IRMS	  δ13Csample	  (‰)	  
1_Flue	  gas	  CO2	   -­‐25.4	  
2_SNG	  total	  gas	   -­‐26.3	  
2a_SNG	  CO2	  fraction	   -­‐12.5	  
2b_SNG	  CH4	  fraction	   -­‐37.4	  
	   	  
3_Flue	  gas	  CO2	   -­‐26.7	  
4a_SNG	  CO2	  fraction	   -­‐12.4	  
4b_SNG	  CH4	  fraction	   -­‐37.8	  
	   	  
5_Flue	  gas	  CO2	   -­‐24.0	  
6_SNG	  total	  gas	   -­‐27.2	  
6a_SNG	  CO2	  fraction	   -­‐12.8	  
6b_SNG	  CH4	  fraction	   -­‐39.4	  
	  	   	  
7_Flue	  gas	  CO2	   -­‐24.1	  
8_SNG	  total	  gas	   -­‐27.3	  
8a_SNG	  CO2	  fraction	   -­‐12.3	  
8b_SNG	  CH4	  fraction	   -­‐38.6	  
	  
	  




Table	  B.4.2	  Carbon	  content	  (%	  m/m)	  and	  IRMS	  δ13C	  values	  of	  solid	  input	  materials	  (wood,	  
lignite/carbonate,	  lignite,	  carbonate)	  
Sample	  name	   %	  C	   IRMS	  δ13C	  (‰)	  
Wood	  particles_sub_1	   44.7	   -­‐26.5	  
Wood	  particles_sub_2	   45.4	   -­‐26.3	  
Wood	  particles_sub_3	   44.6	   -­‐26.0	  
	   	   	  
Lignite/carbonate_sub_1	   38.6	   -­‐23.4	  
Lignite/carbonate_sub_2	   42.1	   -­‐23.6	  
Lignite/carbonate_sub_3	   38.6	   -­‐23.1	  
	   	   	  
Liginite	   59.5	   -­‐26.6	  
	   	   	  
Carbonate_sub_1	   12.2	   0.13	  
Carbonate_sub_2	   12.1	   0.23	  
Carbonate_sub_3	   12.1	   0.22	  
	  
Table	  B.4.3	  Composition	  (in	  v/v	  %)	  of	  the	  sampled	  flue	  gas	  and	  SNG,	  measured	  by	  ECN	  on	  
sampling	  dates	  25-­‐10-­‐2013	  and	  28-­‐10-­‐2013.	  ‘n.m.’	  means	  ‘not	  measured’.	  





O2	   7.4	   1.5	  
CO2	   10.0	   15.2	  
CO	   0	   0	  
CxHy	   0	   0	  
N2	   n.m.	   n.m.	  
Ar	   n.m.	   n.m.	  
	   	   	  
SNG	  gas	  composition	   	   	  
CO2	   47.5	   47.5	  
CH4	   40.0	   38.5	  
H2	   3.0	   3.0	  
N2	   5.5	   6.0	  






B.4.3	  Discussion	  about	  the	  separation	  of	  CO2	  and	  CH4	  with	  the	  new	  SCS	  system	  based	  on	  
the	  measured	  IRMS	  δ13C	  values	  	  
Based	  on	   the	   results	   given	   in	   table	  B.4.1	   it	   becomes	   clear	   that	   isotope	   fractionation	  
mainly	  occurs	  in	  the	  methanation	  step	  of	  the	  SNG	  production	  process.	  The	  δ13C	  values	  of	  
the	  separated	  SNG-­‐CO2	   fractions	  are	  very	  different	   from	  the	  δ
13C	  values	  of	   the	  SNG-­‐CH4	  
fractions	  and	  for	  both	  fractions	  the	  values	  are	  different	  from	  the	  input	  material.	  The	  δ13C	  
values	   of	   the	   flue	   gas	   CO2	   are	   relatively	   similar	   to	   the	   input	   materials.	   Combining	   the	  
measured	  δ13C	  values	  of	   the	  SNG-­‐CO2	  and	  SNG-­‐CH4	   fractions	  with	   the	   composition	  data	  
gives	   the	   overall	   δ13C	   value	   of	   each	   raw	   SNG	   sample	   and	   should	   be	   the	   same	   as	   the	  
measured	  δ13C	  value	  of	  this	  sample	  (following	  eq.	  B.4.1).	  Table	  B.4.4	  gives	  the	  δ13C	  value	  
of	  the	  SNG	  gas	  based	  measurements	  of	  this	  gas	  and	  based	  on	  the	  measurement	  results	  of	  
the	  CO2	  and	  CH4	  fractions	  combined	  with	  composition	  data	  (%	  v/v	  of	  CO2	  and	  CH4	  in	  the	  
SNG	  gas):	  
	  














&δ 13CCH4 	  	   (B.4.1)	  
	  
Table	   B.4.4	   Measured	   δ13C	   values	   of	   the	   SNG	   gases	   and	   δ13C	   values	   based	   on	   the	  
measurement	  results	  of	  the	  CO2	  and	  CH4	  fractions	  combined	  with	  gas	  composition	  data.	  
Sample	  
IRMS	  δ13Csample	  (‰)	  
measured	  
δ13Csample	  (‰)	  
based	  on	  separate	  fractions	  
2_SNG	  total	  gas	   -­‐26.3	   -­‐23.9	  
6_SNG	  total	  gas	   -­‐27.2	   -­‐25.0	  
8_SNG	  total	  gas	   -­‐27.3	   -­‐24.3	  
	  
The	  δ13C	   values	   as	  determined	  based	  on	   the	   separately	  measured	   raw	  SNG	  CO2	   and	  
CH4	  fractions	  are	  systematically	  higher	  (less	  negative	  values)	  than	  the	  values	  measured	  in	  
the	  raw	  SNG	  samples	  (with	  no	  separation	  step	  in	  the	  pre-­‐treatment	  to	  CO2).	  Higher	  values	  
can	   in	   this	   case	   occur	   if	   the	   separate	   CO2	   and/or	   CH4	   fractions	  were	   not	   pure	   or	   if	   the	  
measured	  CO2/CH4	  v/v%	  ratio	  applied	   in	  equation	  B.4.1	  was	  not	  correct	  anymore.	   In	  the	  
latter	  case	  the	  composition	  of	  the	  SNG	  gas	  would	  have	  changed,	  for	  instance	  due	  to	  non-­‐
proportional	  leakage	  of	  the	  carbon	  components	  out	  of	  the	  gas	  bag	  during	  the	  time	  period	  
between	  measurement	  (=	  sampling	  time)	  at	  ECN	  and	  pre-­‐treatment	  at	  CIO,	  approximately	  
6-­‐8	  weeks	  later.	  
	  
The	  observed	  differences	  between	   the	  measured	   and	   the	   fraction-­‐based	  δ13C	   values	  
are	   too	   large	   to	   contribute	   them	   (entirely)	   to	   fractionation	   processes	   during	   the	  




Table	  B.4.2	  Carbon	  content	  (%	  m/m)	  and	  IRMS	  δ13C	  values	  of	  solid	  input	  materials	  (wood,	  
lignite/carbonate,	  lignite,	  carbonate)	  
Sample	  name	   %	  C	   IRMS	  δ13C	  (‰)	  
Wood	  particles_sub_1	   44.7	   -­‐26.5	  
Wood	  particles_sub_2	   45.4	   -­‐26.3	  
Wood	  particles_sub_3	   44.6	   -­‐26.0	  
	   	   	  
Lignite/carbonate_sub_1	   38.6	   -­‐23.4	  
Lignite/carbonate_sub_2	   42.1	   -­‐23.6	  
Lignite/carbonate_sub_3	   38.6	   -­‐23.1	  
	   	   	  
Liginite	   59.5	   -­‐26.6	  
	   	   	  
Carbonate_sub_1	   12.2	   0.13	  
Carbonate_sub_2	   12.1	   0.23	  
Carbonate_sub_3	   12.1	   0.22	  
	  
Table	  B.4.3	  Composition	  (in	  v/v	  %)	  of	  the	  sampled	  flue	  gas	  and	  SNG,	  measured	  by	  ECN	  on	  
sampling	  dates	  25-­‐10-­‐2013	  and	  28-­‐10-­‐2013.	  ‘n.m.’	  means	  ‘not	  measured’.	  





O2	   7.4	   1.5	  
CO2	   10.0	   15.2	  
CO	   0	   0	  
CxHy	   0	   0	  
N2	   n.m.	   n.m.	  
Ar	   n.m.	   n.m.	  
	   	   	  
SNG	  gas	  composition	   	   	  
CO2	   47.5	   47.5	  
CH4	   40.0	   38.5	  
H2	   3.0	   3.0	  
N2	   5.5	   6.0	  






B.4.3	  Discussion	  about	  the	  separation	  of	  CO2	  and	  CH4	  with	  the	  new	  SCS	  system	  based	  on	  
the	  measured	  IRMS	  δ13C	  values	  	  
Based	  on	   the	   results	   given	   in	   table	  B.4.1	   it	   becomes	   clear	   that	   isotope	   fractionation	  
mainly	  occurs	  in	  the	  methanation	  step	  of	  the	  SNG	  production	  process.	  The	  δ13C	  values	  of	  
the	  separated	  SNG-­‐CO2	   fractions	  are	  very	  different	   from	  the	  δ
13C	  values	  of	   the	  SNG-­‐CH4	  
fractions	  and	  for	  both	  fractions	  the	  values	  are	  different	  from	  the	  input	  material.	  The	  δ13C	  
values	   of	   the	   flue	   gas	   CO2	   are	   relatively	   similar	   to	   the	   input	   materials.	   Combining	   the	  
measured	  δ13C	  values	  of	   the	  SNG-­‐CO2	  and	  SNG-­‐CH4	   fractions	  with	   the	   composition	  data	  
gives	   the	   overall	   δ13C	   value	   of	   each	   raw	   SNG	   sample	   and	   should	   be	   the	   same	   as	   the	  
measured	  δ13C	  value	  of	  this	  sample	  (following	  eq.	  B.4.1).	  Table	  B.4.4	  gives	  the	  δ13C	  value	  
of	  the	  SNG	  gas	  based	  measurements	  of	  this	  gas	  and	  based	  on	  the	  measurement	  results	  of	  
the	  CO2	  and	  CH4	  fractions	  combined	  with	  composition	  data	  (%	  v/v	  of	  CO2	  and	  CH4	  in	  the	  
SNG	  gas):	  
	  














&δ 13CCH4 	  	   (B.4.1)	  
	  
Table	   B.4.4	   Measured	   δ13C	   values	   of	   the	   SNG	   gases	   and	   δ13C	   values	   based	   on	   the	  
measurement	  results	  of	  the	  CO2	  and	  CH4	  fractions	  combined	  with	  gas	  composition	  data.	  
Sample	  
IRMS	  δ13Csample	  (‰)	  
measured	  
δ13Csample	  (‰)	  
based	  on	  separate	  fractions	  
2_SNG	  total	  gas	   -­‐26.3	   -­‐23.9	  
6_SNG	  total	  gas	   -­‐27.2	   -­‐25.0	  
8_SNG	  total	  gas	   -­‐27.3	   -­‐24.3	  
	  
The	  δ13C	   values	   as	  determined	  based	  on	   the	   separately	  measured	   raw	  SNG	  CO2	   and	  
CH4	  fractions	  are	  systematically	  higher	  (less	  negative	  values)	  than	  the	  values	  measured	  in	  
the	  raw	  SNG	  samples	  (with	  no	  separation	  step	  in	  the	  pre-­‐treatment	  to	  CO2).	  Higher	  values	  
can	   in	   this	   case	   occur	   if	   the	   separate	   CO2	   and/or	   CH4	   fractions	  were	   not	   pure	   or	   if	   the	  
measured	  CO2/CH4	  v/v%	  ratio	  applied	   in	  equation	  B.4.1	  was	  not	  correct	  anymore.	   In	  the	  
latter	  case	  the	  composition	  of	  the	  SNG	  gas	  would	  have	  changed,	  for	  instance	  due	  to	  non-­‐
proportional	  leakage	  of	  the	  carbon	  components	  out	  of	  the	  gas	  bag	  during	  the	  time	  period	  
between	  measurement	  (=	  sampling	  time)	  at	  ECN	  and	  pre-­‐treatment	  at	  CIO,	  approximately	  
6-­‐8	  weeks	  later.	  
	  
The	  observed	  differences	  between	   the	  measured	   and	   the	   fraction-­‐based	  δ13C	   values	  
are	   too	   large	   to	   contribute	   them	   (entirely)	   to	   fractionation	   processes	   during	   the	  
separation	  and	  combustion	  steps.	  Deviations	  in	  the	  δ13C	  value	  of	  the	  CO2	  fraction	  due	  to	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 the	  presence	  of	  not-­‐separated	  CH4	  are	  not	  likely,	  as	  the	  δ
13C	  value	  of	  the	  CH4	  molecules	  is	  
not	  measured	  with	   IRMS.	  The	  measured	  δ13C	   value	  of	   combusted	  CH4	   fraction	   could	  be	  
too	  high	  if	  not	  all	  CO2	  was	  separated	  from	  this	  fraction.	  Table	  B.4.5	  gives	  the	  δ
13C	  values	  of	  
the	  SNG	  CH4-­‐fractions	  that	  are	  needed	  to	  obtain	  the	  measured	  IRMS	  δ
13C	  values	  according	  
to	   equation	   B.4.1	   and	   using	   the	   measured	   δ13C	   values	   of	   the	   CO2	   fraction	   and	   the	  
measured	  gas	  composition	  data.	  This	  table	  also	  lists	  the	  percentage	  of	  CO2	  that	  would	  be	  
needed	   in	   the	   CH4-­‐fraction	   to	   obtain	   the	   measured	   δ
13C	   values	   in	   the	   separated	   (and	  
combusted)	  CH4	  fractions.	  It	  this	  is	  indeed	  the	  explanation	  for	  the	  observed	  discrepancies,	  
it	  would	  mean	  that	  the	  separation	  process	  would	  have	  been	  far	  from	  complete.	  
Alternatively,	  we	  can	  assume	  that	  all	  measured	  δ13C	  values	  of	   the	   total	  SNG	  gas	  and	  
the	  separate	  CO2	  and	  CH4	  fractions	  were	  correct,	  but	  that	  the	  composition	  of	  the	  SNG	  has	  
changed.	   Table	   B.4.6	   lists	   the	  measured	   volume	   fraction	   ratio	   (relative	   to	   the	   total	   CO2	  
and	  CH4	  in	  the	  gas)	  of	  CO2	  and	  CH4	  and	  the	  calculated	  percentages	  needed	  to	  explain	  the	  
discrepancies	  (based	  on	  these	  δ13C	  values).	  It	  is	  clear	  that	  in	  this	  case	  significant	  changes	  
in	  composition	  must	  have	  taken	  place.	  
	  
Table	  B.4.5.	  δ13C	  of	  the	  SNG	  CH4-­‐fractions	  as	  expected	  based	  on	  the	  gas	  composition	  and	  
measured	  δ13C	  of	  the	  raw	  SNG	  and	  the	  SNG-­‐CO2	  fraction.	  The	  table	  also	  gives	  the	  fractions	  
of	  raw	  SNG-­‐CO2	  in	  the	  measured	  raw	  SNG-­‐CH4	  fractions	  needed	  to	  explain	  the	  measured	  
δ13C	  for	  the	  SNG-­‐CH4	  fraction.	  
Sample	  
Approximated	  δ13C	  (‰)	  
of	  raw	  SNG-­‐CH4	  fraction	  
%	  of	  raw	  SNG-­‐CO2	  
in	  raw	  SNG-­‐CH4	  fraction	  
2_SNG	  total	  gas	   -­‐43.3	   10.5	  
6_SNG	  total	  gas	   -­‐44.8	   9.5	  
8_SNG	  total	  gas	   -­‐45.9	   12.7	  
	  
Table	   B.4.6.	   Measured	   CO2/CH4	   ratio	   in	   the	   raw	   SNG	   samples	   after	   sampling	   and	   the	  
CO2/CH4	   ratio	   in	   the	   raw	   SNG	   samples	   pre-­‐treated	   at	   CIO	   after	   6-­‐8	   weeks	   after	   the	  
sampling	  based	  on	  δ13C	  measurement	  results.	  
Sample	  
Measured	  
CO2/CH4	  ratio	  (%v/%v)	  
6-­‐8	  weeks	  after	  measurement	  
CO2/CH4	  ratio	  (%v/%v)	  
2_SNG	  total	  gas	   54/46	   45/55	  
6_SNG	  total	  gas	   55/45	   46/54	  
8_SNG	  total	  gas	   55/45	   43/57	  
	  
Either	  way	  both	  tables	  B.4.5	  and	  B.4.6	  show	  that	  the	  influences	  are	  very	  similar	  for	  all	  
three	  cases	  (even	  more	  for	  the	  composition	  change	  than	  for	  the	  incomplete	  separation).	  	  
 
Separation	   tests	   of	   the	   CO2/CH4	   separation	   method	   with	   a	   former	   system	   (with	   a	  
similar	  set	  up	  in	  which	  larger	  volumes	  of	  gas	  were	  handled)	  and	  a	  separation	  test	  with	  the	  
current	  used	  system,	  did	  not	  indicate	  incomplete	  separation	  of	  the	  CO2	  and	  CH4	  fractions.	  
It	   is	   therefore	   assumed	   that	   non-­‐proportional	   leakage	   of	   CO2	   and	   CH4	   from	   the	   Tedlar	  
gasbags,	  with	  more	  leakage	  of	  CO2	  than	  of	  CH4,	  could	  very	  well	  be	  the	  main	  reason	  for	  the	  
observed	   differences.	   The	   time	   period	   between	   sampling	   and	   CIO-­‐pretreatment	   was	  
relatively	   large	   (almost	   2	  months).	   Contrary	   to	   incomplete	   separation,	   leakage	   is	   not	   a	  
problem	  for	  the	  14C-­‐based	  biogenic	  carbon	  fraction	  determination	  of	  (raw)	  SNG	  (CO2	  +	  CH4	  
fraction)	  or	  of	  its	  separate	  CO2	  and	  CH4	  fractions.	  
	  
B.4.4	  Conclusions	  
The	   separation	  procedure	  of	   the	  applied	  SCS	   system	  method	   should	  be	   tested	  more	  
intensively,	  to	  obtain	  more	  insight	  in	  the	  completeness	  and	  variability	  of	  the	  separation	  of	  




























 the	  presence	  of	  not-­‐separated	  CH4	  are	  not	  likely,	  as	  the	  δ
13C	  value	  of	  the	  CH4	  molecules	  is	  
not	  measured	  with	   IRMS.	  The	  measured	  δ13C	   value	  of	   combusted	  CH4	   fraction	   could	  be	  
too	  high	  if	  not	  all	  CO2	  was	  separated	  from	  this	  fraction.	  Table	  B.4.5	  gives	  the	  δ
13C	  values	  of	  
the	  SNG	  CH4-­‐fractions	  that	  are	  needed	  to	  obtain	  the	  measured	  IRMS	  δ
13C	  values	  according	  
to	   equation	   B.4.1	   and	   using	   the	   measured	   δ13C	   values	   of	   the	   CO2	   fraction	   and	   the	  
measured	  gas	  composition	  data.	  This	  table	  also	  lists	  the	  percentage	  of	  CO2	  that	  would	  be	  
needed	   in	   the	   CH4-­‐fraction	   to	   obtain	   the	   measured	   δ
13C	   values	   in	   the	   separated	   (and	  
combusted)	  CH4	  fractions.	  It	  this	  is	  indeed	  the	  explanation	  for	  the	  observed	  discrepancies,	  
it	  would	  mean	  that	  the	  separation	  process	  would	  have	  been	  far	  from	  complete.	  
Alternatively,	  we	  can	  assume	  that	  all	  measured	  δ13C	  values	  of	   the	   total	  SNG	  gas	  and	  
the	  separate	  CO2	  and	  CH4	  fractions	  were	  correct,	  but	  that	  the	  composition	  of	  the	  SNG	  has	  
changed.	   Table	   B.4.6	   lists	   the	  measured	   volume	   fraction	   ratio	   (relative	   to	   the	   total	   CO2	  
and	  CH4	  in	  the	  gas)	  of	  CO2	  and	  CH4	  and	  the	  calculated	  percentages	  needed	  to	  explain	  the	  
discrepancies	  (based	  on	  these	  δ13C	  values).	  It	  is	  clear	  that	  in	  this	  case	  significant	  changes	  
in	  composition	  must	  have	  taken	  place.	  
	  
Table	  B.4.5.	  δ13C	  of	  the	  SNG	  CH4-­‐fractions	  as	  expected	  based	  on	  the	  gas	  composition	  and	  
measured	  δ13C	  of	  the	  raw	  SNG	  and	  the	  SNG-­‐CO2	  fraction.	  The	  table	  also	  gives	  the	  fractions	  
of	  raw	  SNG-­‐CO2	  in	  the	  measured	  raw	  SNG-­‐CH4	  fractions	  needed	  to	  explain	  the	  measured	  
δ13C	  for	  the	  SNG-­‐CH4	  fraction.	  
Sample	  
Approximated	  δ13C	  (‰)	  
of	  raw	  SNG-­‐CH4	  fraction	  
%	  of	  raw	  SNG-­‐CO2	  
in	  raw	  SNG-­‐CH4	  fraction	  
2_SNG	  total	  gas	   -­‐43.3	   10.5	  
6_SNG	  total	  gas	   -­‐44.8	   9.5	  
8_SNG	  total	  gas	   -­‐45.9	   12.7	  
	  
Table	   B.4.6.	   Measured	   CO2/CH4	   ratio	   in	   the	   raw	   SNG	   samples	   after	   sampling	   and	   the	  
CO2/CH4	   ratio	   in	   the	   raw	   SNG	   samples	   pre-­‐treated	   at	   CIO	   after	   6-­‐8	   weeks	   after	   the	  
sampling	  based	  on	  δ13C	  measurement	  results.	  
Sample	  
Measured	  
CO2/CH4	  ratio	  (%v/%v)	  
6-­‐8	  weeks	  after	  measurement	  
CO2/CH4	  ratio	  (%v/%v)	  
2_SNG	  total	  gas	   54/46	   45/55	  
6_SNG	  total	  gas	   55/45	   46/54	  
8_SNG	  total	  gas	   55/45	   43/57	  
	  
Either	  way	  both	  tables	  B.4.5	  and	  B.4.6	  show	  that	  the	  influences	  are	  very	  similar	  for	  all	  
three	  cases	  (even	  more	  for	  the	  composition	  change	  than	  for	  the	  incomplete	  separation).	  	  
 
Separation	   tests	   of	   the	   CO2/CH4	   separation	   method	   with	   a	   former	   system	   (with	   a	  
similar	  set	  up	  in	  which	  larger	  volumes	  of	  gas	  were	  handled)	  and	  a	  separation	  test	  with	  the	  
current	  used	  system,	  did	  not	  indicate	  incomplete	  separation	  of	  the	  CO2	  and	  CH4	  fractions.	  
It	   is	   therefore	   assumed	   that	   non-­‐proportional	   leakage	   of	   CO2	   and	   CH4	   from	   the	   Tedlar	  
gasbags,	  with	  more	  leakage	  of	  CO2	  than	  of	  CH4,	  could	  very	  well	  be	  the	  main	  reason	  for	  the	  
observed	   differences.	   The	   time	   period	   between	   sampling	   and	   CIO-­‐pretreatment	   was	  
relatively	   large	   (almost	   2	  months).	   Contrary	   to	   incomplete	   separation,	   leakage	   is	   not	   a	  
problem	  for	  the	  14C-­‐based	  biogenic	  carbon	  fraction	  determination	  of	  (raw)	  SNG	  (CO2	  +	  CH4	  
fraction)	  or	  of	  its	  separate	  CO2	  and	  CH4	  fractions.	  
	  
B.4.4	  Conclusions	  
The	   separation	  procedure	  of	   the	  applied	  SCS	   system	  method	   should	  be	   tested	  more	  
intensively,	  to	  obtain	  more	  insight	  in	  the	  completeness	  and	  variability	  of	  the	  separation	  of	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 5.1	  Introduction	  
This	   final	   chapter	   aims	   to	   give	   an	   overview	  of	   how	   its	   several	   users	   apply	   14C-­‐based	  
methods	   for	   bio-­‐fossil	   discrimination,	   and	   how	   these	   methods	   might	   be	   used	   in	   the	  
coming	  years.	  First	  (in	  section	  5.2),	  the	  disconnection	  is	  described	  between	  experimental	  
research	   and	   ‘routine’	   international	   standards	   and	   the	   impact	   this	   knowledge	   gap	   can	  
have	  on	  the	  standard-­‐based	  biogenic	  carbon	  fraction	  results.	  In	  section	  5.3	  an	  overview	  is	  
given	  of	  the	  different	  aspects	  in	  the	  application	  of	  14C-­‐based	  methods	  that	  can	  (negatively)	  
affect	   the	   final	   biogenic	   carbon	   fraction	   results	   if	   not	   taken	   into	   account.	   Section	   5.4	  
focuses	  on	  the	  future	  applications	  and	  users	  of	  14C-­‐based	  methods	  for	  the	  biogenic	  carbon	  
fraction	   determination.	   And	   finally,	   section	   5.5	   discusses	   the	   future	   use	   of	   14C-­‐based	  




























5.2	  Application	  of	  14C-­‐based	  methods	  for	  fuels,	  flue	  gases	  and	  bio-­‐based	  
materials	  
	  
The	  application	  of	  14C-­‐based	  methods	  for	  fuels,	  flue	  gases	  and	  also	  for	  other	  kinds	  of	  
bio-­‐based	  materials,	  aims	  to	  determine	  the	  biogenic	  carbon	  fraction.	  Compared	  to	  other	  
determination	   methods,	   the	   14C-­‐based	   methods	   are	   acknowledged	   for	   their	  
independence,	   accuracy	   and	   relatively	   straightforward	   principle:	   just	   measure	   the	   14C	  
amount	  in	  the	  sample	  material	  and	  divide	  this	  number	  by	  a	  14C	  value	  representing	  100%	  
biogenic	   carbon	   (14Cbio;	   eq.	   1.3).	   In	   the	   real-­‐life	   application	   of	   the	   methods	   however,	  
different	   factors	   can	   be	   identified	   that	   influence	   the	   reliability	   of	   the	   final	   obtained	  
biogenic	   carbon	   fraction	   result.	   These	   factors	  affect	   the	  determined	   14Csample	   values	   (like	  
carbon	   contamination,	   carbon	   partitioning	   in	   the	   pre-­‐treatment,	   and	   isotope	  
fractionation)	   or	   concern	   the	   14Cbio	   value	   of	   the	   sample	   material	   (large	   variability)	   and	  
should	  be	   taken	   into	   account	   if	   accurate	   sample	   results	   and	   reliable	   interpretations	   are	  
required.	  
	  
To	   take	   these	   factors	   into	   account	   for	   each	   individual	   sample,	   the	   impact	   on	   the	  
biogenic	   carbon	   value	   should	   be	   quantitatively	   determined	   and	   either	   corrected	   for	   or	  
incorporated	   in	   the	   overall	   uncertainty	   range.	   This	   requires	   1)	  methodological	   research	  
and	   validation	   of	   the	   14C	  method	   for	   different	   kinds	   of	   sample	  materials;	   2)	   knowledge	  
about	  and	  understanding	  of	  the	  variables	   in	  the	  14C-­‐based	  methods	  by	  those	   involved	   in	  
the	   14C-­‐based	   biogenic	   carbon	   fraction	   determination	   (chain	   of	   knowledge	   &	   shared	  
method	   expertise);	   3)	   the	   ability	   (in	   time,	   funding	   and	   laboratory	   equipment)	   to	   gain	  
sufficient	  additional	   information,	  such	  as	  multiple	  subsample	  analyses	  and	  investigations	  
of	  sample	  carbon	  composition	  and	  origin	  (carbon	  sources).	  This	  situation	   is	  not	  different	  
from	  other	  research	   fields	  where	  14C	   is	  used	  as	   indirect	   tracer.	  Examples	   (based	  on	  own	  
research	  in	  these	  directions)	  are	  dating	  of	  bones	  and	  investigating	  fossil	  fuel	  derived	  CO2	  
emissions	  in	  the	  atmosphere	  (van	  der	  Plicht	  and	  Palstra,	  in	  press;	  Palstra	  et	  al.,	  2008).	  	  
Hence,	  the	  use	  of	  14C	  as	  indirect	  tracer	  of	  biogenic	  carbon	  fractions	  in	  sample	  materials	  
is	   in	   practice	   very	   often	   not	   so	   simple	   and	   straightforward	   as	   the	   principle	   of	  
measurement	   suggests.	   Especially	   for	   those	   applications	   of	   the	   method	   where	   the	  
accuracy	  and	  reliability	  of	  the	  results	  is	  very	  important	  (such	  as	  in	  fraud	  investigations	  or	  
investigations	   of	   bio/fossil	   carbon	   input	   and	   output	   products	   in	   production	   processes),	  








 5.1	  Introduction	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   to	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   into	   account.	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  the	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  of	  14C-­‐based	  methods	  for	  the	  biogenic	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fraction	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   And	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   section	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   the	   future	   use	   of	   14C-­‐based	  




























5.2	  Application	  of	  14C-­‐based	  methods	  for	  fuels,	  flue	  gases	  and	  bio-­‐based	  
materials	  
	  
The	  application	  of	  14C-­‐based	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  for	  fuels,	  flue	  gases	  and	  also	  for	  other	  kinds	  of	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  aims	  to	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  biogenic	  carbon	  fraction.	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  to	  other	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  sample	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  and	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  number	  by	  a	  14C	  value	  representing	  100%	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   variability)	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   sample	   results	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   reliable	   interpretations	   are	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  situation	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  other	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Industrial	   companies	   are	   currently	   the	   main	   users	   of	   the	   14C-­‐based	   methods	   to	  
determine	  or	  verify	  the	  biogenic	  carbon	  fraction	   in	  products	  and	  flue	  gas	  CO2	  emissions.	  
Contrary	   to	  most	  other	   14C	  applications	  where	   scientific	   researchers	  often	  work	   in	   close	  
cooperation	   with	   the	   14C	   laboratory	   involved	   in	   sample	   pre-­‐treatment	   and	   14C	  
measurements,	   these	   users	   of	   14C-­‐based	   methods	   lack	   scientific	   and/or	   experimental	  
knowledge	   about	   these	  methods,	   and	   in	   fact	   they	   are	   not	   interested	   in	   the	  method	   as	  
such.	  These	  companies	  have	  a	  commercial	   interest:	  to	  obtain	  within	  a	  defined	  and	  short	  
time	  period	  and	   for	  minimal	   costs,	   a	   reliable	  biogenic	   carbon	   fraction,	   regardless	  of	   the	  
used	  method.	   To	   facilitate	   such	   companies	   in	   finding	   appropriate	  methods	   for	   biogenic	  
carbon	  fraction	  determination	   in	  specific	  materials,	   several	   international	  standards	  were	  
developed	  for	  different	  kind	  of	  materials	  over	   the	   last	  5-­‐10	  years	  or	  are	  currently	  under	  
construction	   (among	   others:	   ASTM	   6866-­‐12,	   CEN/TS	   15540,	   CEN/TS	   16640,	   ISO	   13833,	  
ISO/PRF	   16620-­‐2).	   In	   these	   standards	   14C-­‐based	   methods	   are	   used	   as	   measurement	  
method.	   Except	   for	   the	   sampling	   and	   pre-­‐treatment	   part,	   the	   descriptions	   of	   the	   14C	  
measurement	   techniques	   and	   calculations	   of	   the	   biogenic	   carbon	   fraction	   hardly	   differ	  
between	  these	  different	  standards	  (and	  are	  often	  copied	  to	  new	  standards).	  	  
When	  using	  these	  standards,	  industrial	  companies	  sometimes	  send	  samples	  directly	  to	  
14C	  laboratories	  with	  the	  question	  to	  measure	  the	  14C	  value	  of	  the	  sample	  and	  determine	  
the	  biogenic	  carbon	  fraction	  according	  to	  a	  specific	  international	  standard.	  In	  other	  cases	  
the	  samples	  are	  sent	  to	  a	  commercial	   laboratory	  with	  no	  14C	  measurement	  facilities	  and	  
this	   laboratory	   outsources	   the	   pre-­‐treatment	   and	   14C	   measurement	   or	   only	   the	   14C	  
measurement	   to	   a	   14C	   laboratory	   (where	  accredited	   routine	   laboratories	   are	   sometimes	  
preferred	   over	   research	   laboratories	   for	   liability	   reasons).	   Several	   commercial	  
laboratories/research	   companies	   as	   ECN	   and	   SGS	   (see	   reference	   list	   for	   their	   websites)	  
have	   introduced	   facilitating	   services	   for	   standardized	   determination	   of	   the	   biogenic	  
carbon	   fractions	   in	   flue	   gas	   CO2,	   based	   on	  
14C	   measurement	   results	   from	   accredited	  
laboratories	   only.	   These	   services	   facilitate	   all	   steps	   in	   the	   biogenic	   carbon	   fraction	  
determination,	  from	  sampling	  to	  calculation	  of	  the	  fraction.	  
	  
Accurate	  determination	  of	  the	  biogenic	  carbon	  fraction	  in	  a	  material	  requires	  sample-­‐
specific	  approaches,	  with	  sample	  type-­‐specific	  validated	  14C-­‐based	  methods,	  performed	  by	  
people	  with	   specific	   and	   sufficient	  methodological	   experience	   and	   knowledge,	   and	  with	  
sufficient	  means	  to	  be	  able	  to	  characterize	  and	  minimize	  systematic	  and	  random	  errors	  in	  
the	  obtained	  biogenic	  carbon	  fraction.	  This	   is	  very	  different	  to	  the	  way	  in	  which	  the	   14C-­‐
based	   methods	   are	   currently	   applied	   in	   the	   standards	   for	   industrial	   purposes.	   The	  
described	  standardized	  14C-­‐based	  methods	  follow	  the	  straightforward	  approach	  of	  a	  single	  
14C	  measurement	  of	  a	  specific	  sample	  material	  and	  dividing	  this	  measurement	  value	  with	  
a	  fixed	  ‘standardized’	  reference	  14C	  value	  for	  100%	  biogenic	  carbon.	  By	  using	  this	  simple	  
 
approach	  the	  standards	  ignore	  the	  different	  variables	  within	  the	  14C-­‐based	  methods	  that	  
should	   be	   taken	   into	   account	   if	   accurate	   results	   are	   required.	   For	   example,	   several	  
standards	  do	  not	  take	  the	  large	  variability	  in	  14Cbio	  values	  between	  different	  samples	  into	  
account.	  Uncertainty	   ranges	   in	   the	  obtained	  biogenic	   carbon	   fraction	  are	   in	   general	  not	  
determined	   for	   samples	   individually.	   Instead,	   some	   standards	   claim	   a	   fixed	   method	  
uncertainty	   based	   on	   average	   reproducibility	   results	   of	   round-­‐robin	   assessments	   (for	  
instance	  ±3%	  in	  ASTM-­‐6866).	  Isotope	  fractionation	  correction	  for	  LSC-­‐based	  14C	  results	  is	  
not	  a	   requirement	  by	  definition	   in	  all	   the	   standards,	   giving	  erroneous	   results	   if	   the	  δ13C	  
value	   the	  biogenic	  carbon	   in	   the	  sample	  differs	   from	  the	  normalized	  value	  of	   	   -­‐25‰	  (as	  
explained	  in	  section	  3.4.6).	  	  
Biogenic	   carbon	   fraction	   results	   obtained	   with	   standards	   that	   apply	   a	   simple	   14C	  
method	   approach	   will	   only	   be	   ‘standardized’	   (following	   a	   text),	   but	   not	   necessarily	  
accurate	  nor	  with	  minimized	  uncertainty	  ranges.	  Only	  applying	  a	  sample	  specific	  method	  
approach	  can	  provide	  that.	  
	  
Part	  of	  the	  users	  of	  the	  standards	  might	  not	  be	  interested	  in	  very	  precise	  and	  accurate	  
biogenic	   carbon	   fraction	  values	   (<	  ±3%).	  For	   these	  users,	  possible	  deviations	   in	   the	   final	  
result	  of	  10-­‐15%	  from	  the	  true	  value	  might	  not	  be	  a	  problem.	  This	  is	  even	  likely	  to	  be	  the	  
case	   if	   the	   obtained	   results	   are	   beneficial	   for	   the	   company	   (which	   means	   they	   are	  
financially	  more	  beneficial	  than	  a	  more	  accurate	  determination).	  For	  those	  companies	  the	  
current	   standards	   are	   obviously	   suitable,	   as	   the	   14C	   reference	   values	   for	   100%	   biogenic	  
carbon	   are	   very	   often	   too	   low	   compared	   to	   the	   true	   14Cbio	   value,	   resulting	   in	   too	   high	  
biogenic	  carbon	  fractions.	  
However,	   companies	   that	   want	   to	   determine	   or	   even	   verify	   their	   product	  
compositions	  and/or	  CO2	  emissions	  with	   smaller	   systematic	  errors	   and	  higher	  precision,	  
will	   likely	   need	   more	   sample-­‐specific	   methods	   with	   additional	   (14C	   and	   other)	  
measurements	   and	   data	   analysis.	   The	   current	   standards	   are	   not	   suitable	   for	   these	  
purposes	   as	   they	   lack	   sample-­‐specific	   approaches.	   Unfortunately,	   the	   companies	  
themselves,	  but	  also	  facilitating	  laboratories	  and	  involved	  (routine)	  14C	  laboratories	  do	  not	  
always	   know	   this	   limited	   applicability	   of	   the	   standards.	   The	   mentioned	   performance	  
characteristics	  in	  the	  standards	  for	  a	  specific	  group	  of	  sample	  materials	  might	  suggest	  that	  
the	   standardized	   method	   has	   certain	   accuracy	   and	   is	   reliable	   for	   a	   whole	   group	   of	  
samples.	  However,	   this	   is	  not	  necessarily	   the	   case.	   This	   is	  misleading	   for	   those	  who	  are	  
not	  experienced	  with	  the	  use	  of	  14C	  as	  an	  indirect	  tracer	  for	  the	  biogenic	  carbon	  fraction	  in	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  (and	  are	  often	  copied	  to	  new	  standards).	  	  
When	  using	  these	  standards,	  industrial	  companies	  sometimes	  send	  samples	  directly	  to	  
14C	  laboratories	  with	  the	  question	  to	  measure	  the	  14C	  value	  of	  the	  sample	  and	  determine	  
the	  biogenic	  carbon	  fraction	  according	  to	  a	  specific	  international	  standard.	  In	  other	  cases	  
the	  samples	  are	  sent	  to	  a	  commercial	   laboratory	  with	  no	  14C	  measurement	  facilities	  and	  
this	   laboratory	   outsources	   the	   pre-­‐treatment	   and	   14C	   measurement	   or	   only	   the	   14C	  
measurement	   to	   a	   14C	   laboratory	   (where	  accredited	   routine	   laboratories	   are	   sometimes	  
preferred	   over	   research	   laboratories	   for	   liability	   reasons).	   Several	   commercial	  
laboratories/research	   companies	   as	   ECN	   and	   SGS	   (see	   reference	   list	   for	   their	   websites)	  
have	   introduced	   facilitating	   services	   for	   standardized	   determination	   of	   the	   biogenic	  
carbon	   fractions	   in	   flue	   gas	   CO2,	   based	   on	  
14C	   measurement	   results	   from	   accredited	  
laboratories	   only.	   These	   services	   facilitate	   all	   steps	   in	   the	   biogenic	   carbon	   fraction	  
determination,	  from	  sampling	  to	  calculation	  of	  the	  fraction.	  
	  
Accurate	  determination	  of	  the	  biogenic	  carbon	  fraction	  in	  a	  material	  requires	  sample-­‐
specific	  approaches,	  with	  sample	  type-­‐specific	  validated	  14C-­‐based	  methods,	  performed	  by	  
people	  with	   specific	   and	   sufficient	  methodological	   experience	   and	   knowledge,	   and	  with	  
sufficient	  means	  to	  be	  able	  to	  characterize	  and	  minimize	  systematic	  and	  random	  errors	  in	  
the	  obtained	  biogenic	  carbon	  fraction.	  This	   is	  very	  different	  to	  the	  way	  in	  which	  the	   14C-­‐
based	   methods	   are	   currently	   applied	   in	   the	   standards	   for	   industrial	   purposes.	   The	  
described	  standardized	  14C-­‐based	  methods	  follow	  the	  straightforward	  approach	  of	  a	  single	  
14C	  measurement	  of	  a	  specific	  sample	  material	  and	  dividing	  this	  measurement	  value	  with	  
a	  fixed	  ‘standardized’	  reference	  14C	  value	  for	  100%	  biogenic	  carbon.	  By	  using	  this	  simple	  
 
approach	  the	  standards	  ignore	  the	  different	  variables	  within	  the	  14C-­‐based	  methods	  that	  
should	   be	   taken	   into	   account	   if	   accurate	   results	   are	   required.	   For	   example,	   several	  
standards	  do	  not	  take	  the	  large	  variability	  in	  14Cbio	  values	  between	  different	  samples	  into	  
account.	  Uncertainty	   ranges	   in	   the	  obtained	  biogenic	   carbon	   fraction	  are	   in	   general	  not	  
determined	   for	   samples	   individually.	   Instead,	   some	   standards	   claim	   a	   fixed	   method	  
uncertainty	   based	   on	   average	   reproducibility	   results	   of	   round-­‐robin	   assessments	   (for	  
instance	  ±3%	  in	  ASTM-­‐6866).	  Isotope	  fractionation	  correction	  for	  LSC-­‐based	  14C	  results	  is	  
not	  a	   requirement	  by	  definition	   in	  all	   the	   standards,	   giving	  erroneous	   results	   if	   the	  δ13C	  
value	   the	  biogenic	  carbon	   in	   the	  sample	  differs	   from	  the	  normalized	  value	  of	   	   -­‐25‰	  (as	  
explained	  in	  section	  3.4.6).	  	  
Biogenic	   carbon	   fraction	   results	   obtained	   with	   standards	   that	   apply	   a	   simple	   14C	  
method	   approach	   will	   only	   be	   ‘standardized’	   (following	   a	   text),	   but	   not	   necessarily	  
accurate	  nor	  with	  minimized	  uncertainty	  ranges.	  Only	  applying	  a	  sample	  specific	  method	  
approach	  can	  provide	  that.	  
	  
Part	  of	  the	  users	  of	  the	  standards	  might	  not	  be	  interested	  in	  very	  precise	  and	  accurate	  
biogenic	   carbon	   fraction	  values	   (<	  ±3%).	  For	   these	  users,	  possible	  deviations	   in	   the	   final	  
result	  of	  10-­‐15%	  from	  the	  true	  value	  might	  not	  be	  a	  problem.	  This	  is	  even	  likely	  to	  be	  the	  
case	   if	   the	   obtained	   results	   are	   beneficial	   for	   the	   company	   (which	   means	   they	   are	  
financially	  more	  beneficial	  than	  a	  more	  accurate	  determination).	  For	  those	  companies	  the	  
current	   standards	   are	   obviously	   suitable,	   as	   the	   14C	   reference	   values	   for	   100%	   biogenic	  
carbon	   are	   very	   often	   too	   low	   compared	   to	   the	   true	   14Cbio	   value,	   resulting	   in	   too	   high	  
biogenic	  carbon	  fractions.	  
However,	   companies	   that	   want	   to	   determine	   or	   even	   verify	   their	   product	  
compositions	  and/or	  CO2	  emissions	  with	   smaller	   systematic	  errors	   and	  higher	  precision,	  
will	   likely	   need	   more	   sample-­‐specific	   methods	   with	   additional	   (14C	   and	   other)	  
measurements	   and	   data	   analysis.	   The	   current	   standards	   are	   not	   suitable	   for	   these	  
purposes	   as	   they	   lack	   sample-­‐specific	   approaches.	   Unfortunately,	   the	   companies	  
themselves,	  but	  also	  facilitating	  laboratories	  and	  involved	  (routine)	  14C	  laboratories	  do	  not	  
always	   know	   this	   limited	   applicability	   of	   the	   standards.	   The	   mentioned	   performance	  
characteristics	  in	  the	  standards	  for	  a	  specific	  group	  of	  sample	  materials	  might	  suggest	  that	  
the	   standardized	   method	   has	   certain	   accuracy	   and	   is	   reliable	   for	   a	   whole	   group	   of	  
samples.	  However,	   this	   is	  not	  necessarily	   the	   case.	   This	   is	  misleading	   for	   those	  who	  are	  
not	  experienced	  with	  the	  use	  of	  14C	  as	  an	  indirect	  tracer	  for	  the	  biogenic	  carbon	  fraction	  in	  








 In	  the	  industrial	  applications	  of	  14C-­‐based	  methods,	  the	  tendency	  is	  to	  favour	  the	  use	  
of	   standardized	  methods	   performed	   by	   accredited	   14C	   laboratories	   (ISO	   17025)	   only,	   as	  
this	  suggests	  proofed	  certainty	  and	  legal	  coverage.	  Currently,	  only	  two	  14C	  laboratories	  in	  
the	   world	   are	   accredited	   and	   perform	   14C	   analyses	   for	   the	   biogenic	   carbon	   fraction	  
determination	   following	   ASTM-­‐6866.	   These	   are	   fully	   commercial	   laboratories.	   And	   only	  
one	   of	   these	   laboratories	   (Beta	   Analytics;	   USA)	   has	   long-­‐term	   experience	   with	   14C	  
measurements	  of	  different	  fuels,	  flue	  gases	  and	  bio-­‐based	  materials.	  This	  laboratory	  was	  
also	  involved	  in	  standardization	  of	  the	  14C	  method	  for	  different	  materials	  (ASTM	  and	  ISO)	  
and	   is	  aware	  of	  several	  methodological	  aspects	  and	  shares	  this	  with	   its	  customers	  on	   its	  
website.	   The	   other	   commercial	   laboratory	   (Xceleron,	   USA)	   has	   no	   scientific	   or	  
methodological	  expertise	  with	  the	  14C	  method	  for	  biogenic	  carbon	  fraction	  determination	  
and	   only	   applies	   the	   14C	   method	   according	   to	   ASTM-­‐6866.	   The	   expertise	   of	   this	  
commercial	   laboratory	   is	   in	   the	   analysis	   of	   (enriched)	   14C	   samples	   for	   pharmaceutical	  
applications.	  
The	  other,	  approximately	  140	  and	  mostly	  academic	  14C	  measurement	   facilities	   in	   the	  
world	  that	  measure	  14C	  at	  natural	  level	  (not	  enriched	  14C	  applications),	  are	  not	  accredited.	  
Only	  a	  few	  of	  these	  14C	  laboratories	  (based	  on	  publications	  roughly	  <	  20)	  are	  experienced	  
with	   the	   various	  methodological	   aspects	   of	   the	   14C	  method	   for	   fuels,	   flue	   gases	   and/or	  
bio-­‐based	   materials	   and	   combine	   academic	   research	   and	   commercial	   activities	   for	   this	  
specific	   application.	   These	   specific	   laboratories	   are	   able	   to	   follow	   standardized	   14C	  
methods,	  but	  can	  also	  deliver	  sample-­‐specific	  biogenic	  carbon	  fraction	  determinations	  for	  
commercial	  purposes.	  The	  number	  of	  not-­‐accredited	  natural-­‐level	   14C	   laboratories	   in	  the	  
world	   that	  are	  not	  methodologically	  experienced,	  but	  willing	  or	  able	   to	  measure	   14C	   for	  
the	   biogenic	   carbon	   fraction	   application	   is	   difficult	   to	   estimate,	   because	   part	   of	   these	  
facilities	  is	  used	  for	  a	  selected	  group	  of	  14C	  applications	  only	  and	  is	  sometimes	  not	  used	  for	  
commercial	  applications.	  	  
	  
Another	   reason	   for	   companies	   to	   choose	   for	   one	   of	   the	   two	   fully	   commercial	   14C	  
laboratories	   instead	   of	   non-­‐	   or	   semi-­‐commercial	   academic	   14C	   laboratories,	   can	   be	   the	  
very	   fast	   delivery	   times	   these	   commercial	   companies	   can	   offer	   (1-­‐2	   weeks).	   Because	  
academic	   research	   laboratories	   are	   usually	   organised	   in	   a	   different	   way	   (combining	  
scientific	   experimental	   research	   with	  more	   routine	   commercial	   14C	  measurements)	   and	  
have	   only	   partly	   a	   commercial	   interest,	   their	   delivery	   times	   are	   usually	   longer	   (up	   to	   2	  
months).	  
Industrial	  companies,	  facilitating	  companies	  and	  a	  major	  part	  of	  the	  14C	  laboratories	  do	  
not	   have	   large	   methodological	   experience	   with	   the	   14C-­‐based	   methods	   for	   biogenic	  
carbon	   fraction	  determination.	  They	  are	   therefore	   in	  general	  unaware	  of	   the	   fact	   that	  a	  
biogenic	   carbon	   fraction	   based	   on	  method	   descriptions	   in	   current	   standards	   is	   not	   the	  
most	   accurate	   value	   and	   could	   be	   relatively	   easily	   improved	   if	   an	   extended	   sample-­‐
 
specific	   14C-­‐based	  method	   approach	  would	   be	   used.	   Also,	   the	   industrial	   companies	   and	  
facilitating	  companies	  may	  not	  be	  aware	  of	  the	  fact	  that	  not	  all	  accredited	  14C	  laboratories	  
have	  methodological	   expertise	   in	   the	  biogenic	   carbon	   fraction	  determination.	   Especially	  
with	  14C	  measurements,	  accreditation	  of	  the	  laboratory	  itself	  is	  not	  the	  proof	  for	  reliable	  
results	   if	   based	   on	   words	   in	   standards	   alone.	   Methodological	   experience	   of	   the	   14C	  
laboratory	  with	  both	  the	  applied	  14C-­‐based	  method	  and	  with	  the	  standardized	  calculation	  
conventions	   of	   the	   14C	   community,	   are	   qualities	   that	   might	   be	   difficult	   to	   ‘prove’	   (like	  
accreditation	  by	   ISO	  17025	  gives	  tools	   to	   ‘prove’	  quality),	  but	  are	  essential	   for	  a	  reliable	  
determination	  of	  the	  biogenic	  carbon	  fraction.	  One	  way	  of	  testing	  the	  quality,	  reputation	  
and	   position	   in	   the	   international	   14C	   network	   of	   a	   14C	   facility,	   is	   to	   check	   if	   it	   has	  
participated	  in	  the	  sequence	  of	  large	  international	  ring	  tests	  for	  different	  sample	  materials	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   (up	   to	   2	  
months).	  
Industrial	  companies,	  facilitating	  companies	  and	  a	  major	  part	  of	  the	  14C	  laboratories	  do	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   the	   14C-­‐based	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   for	   biogenic	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   fraction	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   an	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   sample-­‐
 
specific	   14C-­‐based	  method	   approach	  would	   be	   used.	   Also,	   the	   industrial	   companies	   and	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  method	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In	   this	   section	   an	   overview	   will	   be	   given	   of	   different	   factors	   that	   can	   influence	   the	  
accuracy	  and	  reliability	  of	  the	  14C-­‐based	  biogenic	  carbon	  fraction	  value	  as	  determined	  for	  
any	  type	  of	  material.	  
	  
	  Figure	   5.1	   presents	   an	   overview	   of	   the	   general	   method	   procedures	   in	   14C-­‐based	  
methods	   to	  measure	  a	   certain	  biogenic	   carbon	   fraction	   in	  a	   sample	  material.	   In	  each	  of	  
the	  four	  defined	  method	  parts,	  factors	  can	  be	  identified	  that	  affect	  the	  final	  result	  and	  its	  
interpretation.	   These	   factors	   determine	   whether	   the	   results	   are	   representative	   for	   the	  
carbon	   under	   investigation	   and	   whether	   the	   obtained	   biogenic	   carbon	   fraction	   is	   in	  
accordance	  with	  the	  real	  biogenic	  carbon	  fraction	  in	  the	  investigated	  material	  (accuracy	  of	  
the	  method).	  
	  
Figure	  5.1.	  An	  overview	  is	  given	  of	  the	  general	  14C-­‐based	  methods	  steps	  that	  influence	  the	  
reliability	  and	  accuracy	  of	  the	  measured	  biogenic	  carbon	  fraction.	  
	  
5.3.1	  Cases	  in	  which	  14C-­‐based	  methods	  cannot	  be	  applied	  
Prior	  to	  the	  selection	  of	  sample	  material	  from	  any	  type,	  it	  should	  always	  be	  examined	  
first	   whether	   a	   14C-­‐based	  method	   can	   be	   used	   at	   all	   to	   determine	   the	   biogenic	   carbon	  
fraction	   in	   the	   material.	   Obviously,	   if	   a	   sample	   material	   contains	   no	   carbon	   14C-­‐based	  
methods	  cannot	  be	  used.	  	  
If	  sample	  materials	  contain	  carbon	  that	   is	  neither	  from	  recent	  biomass	  (<	  200	  years),	  
nor	   from	   ‘fossil’	   (14C	   value	   0%;	   >	   50	   ka)	   carbon	   materials,	   for	   instance	   peat	   or	   other	  
 
organic	  soil	  materials,	   then	  a	   14C	  method	  can	  only	  be	  used	   if	   the	  definition	  of	   ‘biogenic’	  
carbon	   would	   be	   changed.	   Also,	   biomass	   materials	   from	   plants	   that	   have	   grown	   in	  
greenhouses	   with	   added	   fossil	   CO2	   have	  
14Cbio	   values	   that	   are	   lower	   than	   atmospheric	  
values	   and	   are	   therefore	   not	   100%	   biogenic	   by	   definition	   (as	   applied	   in	   the	   14C-­‐based	  
methods),	  which	  can	  be	  in	  conflict	  with	  other	  definitions	  for	  biomass.	  
	  
5.3.2	  Selection	  of	  representative	  carbon	  
A	  very	  important	  issue	  in	  the	  determination	  of	  the	  biogenic	  carbon	  fraction	  is	  whether	  
the	   carbon	  used	   for	   the	   14C	  analysis	   is	   representative	   for	   the	   carbon	   in	   the	  material	   for	  
which	  the	  biogenic	  carbon	  fraction	  has	  to	  be	  determined.	  The	  carbon	  of	  interest	  should	  be	  
specified	  before	  sampling	  and	  be	  the	  only	  selected	  and	  measured	  carbon	  source,	  with	  no	  
changes	   in	   biogenic	   carbon	   fraction	   during	   the	   application	   of	   the	   analysis	  method	   (incl.	  
sampling	   and	   pre-­‐treatment).	   The	   molecular	   carbon	   composition	   of	   the	   material	   of	  
interest	   and	   the	   rate	   of	   homogeneity	   in	   the	   distribution	   of	   biogenic	   and	   fossil	   carbon	  
atoms	   over	   the	   molecules	   and	   particles	   (in	   case	   of	   solid	   and	   liquid	   materials)	   should	  
therefore	  be	   taken	   into	  account	   in	   the	  selection	  of	  carbon	   in	   the	  different	  stages	  of	   the	  
applied	  method.	  
	  
Particles	   of	   mixed	   biogenic	   and	   fossil	   solid	   materials	   can	   contain	   either	   biogenic	   or	  
fossil	  carbon	  and	  the	  sizes	  of	  these	  particles	  combined	  with	  the	  amount	  of	  subsample	  that	  
is	   pre-­‐treated,	   influences	   the	   representativeness	   of	   the	   biogenic	   carbon	   fraction	   that	   is	  
measured	   in	   the	   selected	   subsample.	   To	   obtain	   a	   representative	   biogenic/fossil	   carbon	  
mixture,	  the	  particles	  should	  be	  as	  small	  as	  possible	  and	  homogeneously	  mixed,	  and	  the	  
selected	   material	   (subsample)	   should	   be	   as	   large	   as	   possible	   (feasible	   within	   the	  
laboratory	   logistics/combustion	   system	   set	   ups)	   to	  make	   it	   representative	   for	   the	  batch	  
under	  investigation.	  	  
For	   solid	   fuel	   composition	   investigations	   at	   large	   industrial	   plants	   (like	   waste	  
incinerator	  plans)	  the	  most	  accurate	  way	  to	  determine	  the	  biogenic	  carbon	  fraction	  of	  the	  
input	  material	  is	  by	  investigation	  of	  the	  flue	  gas	  CO2,	  as	  was	  demonstrated	  in	  chapter	  2.	  
	  
In	   14C-­‐based	   methods	   the	   sample	   materials	   are	   always	   pre-­‐treated	   such	   that	   the	  
carbon	   of	   interest	   in	   the	   sample	  material	   is	   obtained	   as	   pure	   CO2.	   If	   the	   carbon	   in	   the	  
sample	   is	  not	  CO2	  yet,	   the	  carbon	  components	  of	   interest	  are	   transformed	   to	  CO2	   in	  an	  
extraction	  process	  (if	  CO2	  is	  ‘trapped’	  as	  CO3
2-­‐	   in	  an	  alkaline	  solution)	  or	  in	  a	  combustion	  
process.	   If	   the	   sample	  material	   contains	  a	  mixture	  of	  different	   carbon	  components	  with	  
different	  chemical	  and	  physical	  properties	  and	  each	  component	  has	  a	  different	  biogenic	  
carbon	  fraction,	  bio-­‐fossil	  carbon	  partitioning	  (chapter	  4)	  can	  occur	  if	  not	  all	  carbon	  in	  the	  
sample	   is	  transformed	  into	  CO2.	  This	  can	  be	  the	  case	  prior	  to	  the	  combustion	  for	   liquids	  
with	  partly	  volatile	  carbon	  components.	  After	  sealed	  storage	  of	  the	  sample	  material,	  the	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  different	  biogenic	  
carbon	  fraction,	  bio-­‐fossil	  carbon	  partitioning	  (chapter	  4)	  can	  occur	  if	  not	  all	  carbon	  in	  the	  
sample	   is	  transformed	  into	  CO2.	  This	  can	  be	  the	  case	  prior	  to	  the	  combustion	  for	   liquids	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   is	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   to	   CO2	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   change	   during	   the	   time	   period	  
between	  weighting	  of	  the	  material	  and	  the	  combustion	  of	  this	  subsample,	   if	   the	  volatile	  
components	  can	  escape	  from	  the	  subsample.	  Bio-­‐fossil	  carbon	  partitioning	  can	  also	  occur	  
during	   combustion	   of	  mixtures	   of	   carbon	   components,	   if	   part	   of	   these	   components	   are	  
not	  combusted	  well	  at	  the	  used	  combustion	  temperature	  and	  remaining	  carbon	  ends	  up	  
in	  the	  ash-­‐fraction.	  	  
As	   volatility	   and	   optimized	   combustion	   temperatures	   depend	   on	   the	   chemical	  
composition	   of	   the	   sample	   materials,	   additional	   information	   about	   this	   composition	   is	  
essential	   in	   investigating	  whether	   bio-­‐fossil	   partitioning	   is	   likely	   to	   occur	   in	   the	   applied	  
pre-­‐treatment	  method.	   Pre-­‐treatment	  methods	   should	   be	   adjusted	   such	   that	   undesired	  
bio-­‐fossil	  carbon	  partitioning	  is	  limited	  for	  the	  sample	  under	  investigation.	  
	  	  
Chapters	  2,	  3	  and	  4	  of	  this	  thesis	  give	  examples	  of	  applications	  of	  14C-­‐based	  methods	  in	  
which	  specifically	  defined	  carbon	  was	  investigated.	  In	  chapter	  2	  the	  fuel-­‐derived	  biogenic	  
carbon	  fraction	  was	  determined	   in	   flue	  gas	  CO2	  of	  a	  power	  plant.	  As	   the	   interest	  was	   in	  
the	   fuel-­‐derived	  carbon	  only,	   the	  measured	  14C	  results	   in	   this	  study	  had	  to	  be	  corrected	  
for	  the	  14C	  contributions	  of	  two	  other	  carbon	  sources:	  CO2	  from	  combustion	  air	  and	  CO2	  
contamination	  of	  the	  alkaline	  sampling	  solution.	  
In	   chapter	   3	   the	   14C	   values	   of	   the	   two	   major	   carbon	   fractions	   in	   the	   raw	   biogas	  
samples,	   CH4	   and	   CO2,	   were	   measured	   separately,	   to	   investigate	   differences	   in	   carbon	  
origin	  and	  isotope	  fractionation.	  If	  a	  gas	  sample	  is	  sent	  to	  a	  laboratory	  for	  biogenic	  carbon	  
fraction	  determination	  and	  the	  sample	  contains	  different	  carbon	  molecules,	   it	  should	  be	  
(made)	  clear	  on	  forehand,	  which	  carbon	  molecules	  are	  of	  interest.	  If	  the	  interest	  is	  only	  in	  
the	  CH4	  fraction,	  this	  fraction	  has	  to	  be	  separated	  from	  the	  other	  carbon	  molecules	  first,	  
before	  14C	  measurement.	  This	  separation	  is	  needed,	  because	  the	  14C	  value	  of	  CH4	  can	  be	  
different	  from	  the	  other	  carbon	  fractions.	  	  
In	   chapter	   4	   the	   biogenic	   carbon	   fractions	   of	   raw	   SNG	   and	   process	   flue	   gas	   were	  
investigated.	  Differences	  in	  the	  biogenic	  carbon	  fraction	  between	  the	  solid	  input	  material,	  
the	  flue	  gas,	  and	  the	  raw	  SNG,	  due	  to	  carbon	  partitioning	  in	  the	  SNG	  production	  process,	  
made	  clear	  that	  individual	  carbon	  in-­‐	  and	  output	  flows	  are	  not	  necessarily	  representative	  
in	  biogenic	  carbon	  fraction	  for	  other	  carbon	  flows	   in	  the	  same	  production	  process.	  They	  
should	  therefore	  be	  investigated	  individually.	  	  
	  
Norton	  (2008)	  describes	  an	  example	  of	  regulations	  (by	  the	  United	  States	  Department	  
of	  Agriculture,	  USDA)	   in	  which	   the	  bio-­‐based	   fraction	   should	  only	  be	  determined	   in	   the	  
total	   organic	   carbon	   fraction	   of	   the	   sample.	   This	   means	   that	   the	   fraction	   of	   inorganic	  
carbon	   in	   the	   (solid)	   sample	   material	   should	   be	   excluded	   somewhere	   in	   the	   method	  
(which	  can	  be	  rather	  complicated),	  especially	  if	  this	  fraction	  has	  a	  very	  different	  14C	  value	  
compared	  to	  the	  organic	  carbon	  fraction	  and	  the	  inorganic	  fraction	  in	  the	  total	  carbon	  is	  
 
relatively	   large.	   According	   to	   Norton:	   “(…),	   because	   of	   the	   potential	   magnitude	   of	   the	  
analytical	   errors	   involved	   with	   analysing	   carbonate-­‐bearing	   products,	   the	   analyst	   must	  
always	   be	   cognizant	   of	   the	   carbonate	   issue	   and	  must	   be	   full	   aware	   of	   its	   implications”.	  
Specification	   of	   the	   type	   of	   carbon	   to	   be	   investigated	   is	   in	   these	   cases	   essential,	   as	   it	  
determines	  which	  	  (chemical)	  pre-­‐treatment	  of	  the	  sample	  material	  should	  be	  used	  before	  
combustion	  to	  CO2.	  	  	  
	  
The	  selection	  of	  representative	  carbon	  requires	  attention	  for	  different	  features	  of	  the	  
carbon	   selection	   process	   by	   all	   people	   involved	   in	   this	   process.	   The	   purpose	   of	   the	  
investigation	  and	  the	  14C	  measurements	  should	  be	  clear,	  the	  carbon	  of	  interest	  should	  be	  
described,	   and	   sampling	  and	   laboratory	  pre-­‐treatment	  methods	   should	  be	  adjusted	  and	  
optimized	  to	  obtain	  this	  specific	  carbon	  fraction.	  If	  the	  carbon	  of	  interest	  is	  only	  a	  fraction	  
of	  the	  total	  carbon	  in	  the	  sample,	  and	  if	  this	  fraction	  cannot	  be	  separated	  from	  the	  total	  
carbon	   fraction	   during	   sampling	   or	   pre-­‐treatment,	   additional	   information	   and	  
measurements	  are	  required	  to	  estimate	  the	  carbon	  contribution	  that	  is	  not	  of	  interest	  and	  
to	  correct	  the	  measured	  14C	  value	  of	  the	  sample	  for	  this	  contribution.	  
	  
5.3.3	  Reliable	  determination	  of	  14Csample	  
After	  pre-­‐treatment	  of	  the	  sample	  material,	  the	  obtained	  carbon	  fraction	  is	  measured	  
in	  a	   14C	   laboratory	  with	  either	  AMS,	  measuring	   14C/12C	   (or	   sometimes	   14C/13C)	   ion	  count	  
ratios,	  or	  with	  proportional	  gas	  counters	  (Beta	  ionization)	  or	  LSC	  instruments,	  measuring	  
beta	  counts	  from	  14C	  decay.	  	  
The	  reliability	  of	  a	  14Csample	  value	  in	  the	  biogenic	  carbon	  fraction	  determination	  is	  high	  if	  
1)	   this	   value	   is	   calibrated	  well;	   2)	   it	   only	   represents	   the	   14C	   amount	   of	   biogenic	   carbon	  
from	   the	   carbon	   of	   interest;	   3)	   is	   reproducible	   (high	   precision);	   and	   4)	   equals	   the	   true	  
value	   of	   the	   carbon	   of	   interest	   (high	   accuracy).	   14C	   laboratories	   handling	   enriched	   14C	  
samples	  are	  in	  principle	  not	  suitable	  for	  the	  bio-­‐fossil	  carbon	  application,	  due	  to	  the	  high	  
risk	  of	  14C	  contamination	  (affects	  item	  2	  and	  possibly	  also	  item	  1).	  
	  
As	   already	   explained	   in	   section	   1.3.2,	   equation	   5.1	   (1.4	   in	   section	   1.3.2)	   is	   used	   to	  
obtain	   the	   same	   14Csample_measured	   values	   for	   samples	   with	   the	   same	   biogenic	   carbon	  
fraction,	  regardless	  the	  origin	  (in	  time	  and	  formation	  process)	  of	  the	  carbon	  materials,	  the	  
applied	  14C	  measurement	  technique	  and	  used	  reference	  materials	  (for	  calibration).	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components	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  escape	  from	  the	  subsample.	  Bio-­‐fossil	  carbon	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  can	  also	  occur	  
during	   combustion	   of	  mixtures	   of	   carbon	   components,	   if	   part	   of	   these	   components	   are	  
not	  combusted	  well	  at	  the	  used	  combustion	  temperature	  and	  remaining	  carbon	  ends	  up	  
in	  the	  ash-­‐fraction.	  	  
As	   volatility	   and	   optimized	   combustion	   temperatures	   depend	   on	   the	   chemical	  
composition	   of	   the	   sample	   materials,	   additional	   information	   about	   this	   composition	   is	  
essential	   in	   investigating	  whether	   bio-­‐fossil	   partitioning	   is	   likely	   to	   occur	   in	   the	   applied	  
pre-­‐treatment	  method.	   Pre-­‐treatment	  methods	   should	   be	   adjusted	   such	   that	   undesired	  
bio-­‐fossil	  carbon	  partitioning	  is	  limited	  for	  the	  sample	  under	  investigation.	  
	  	  
Chapters	  2,	  3	  and	  4	  of	  this	  thesis	  give	  examples	  of	  applications	  of	  14C-­‐based	  methods	  in	  
which	  specifically	  defined	  carbon	  was	  investigated.	  In	  chapter	  2	  the	  fuel-­‐derived	  biogenic	  
carbon	  fraction	  was	  determined	   in	   flue	  gas	  CO2	  of	  a	  power	  plant.	  As	   the	   interest	  was	   in	  
the	   fuel-­‐derived	  carbon	  only,	   the	  measured	  14C	  results	   in	   this	  study	  had	  to	  be	  corrected	  
for	  the	  14C	  contributions	  of	  two	  other	  carbon	  sources:	  CO2	  from	  combustion	  air	  and	  CO2	  
contamination	  of	  the	  alkaline	  sampling	  solution.	  
In	   chapter	   3	   the	   14C	   values	   of	   the	   two	   major	   carbon	   fractions	   in	   the	   raw	   biogas	  
samples,	   CH4	   and	   CO2,	   were	   measured	   separately,	   to	   investigate	   differences	   in	   carbon	  
origin	  and	  isotope	  fractionation.	  If	  a	  gas	  sample	  is	  sent	  to	  a	  laboratory	  for	  biogenic	  carbon	  
fraction	  determination	  and	  the	  sample	  contains	  different	  carbon	  molecules,	   it	  should	  be	  
(made)	  clear	  on	  forehand,	  which	  carbon	  molecules	  are	  of	  interest.	  If	  the	  interest	  is	  only	  in	  
the	  CH4	  fraction,	  this	  fraction	  has	  to	  be	  separated	  from	  the	  other	  carbon	  molecules	  first,	  
before	  14C	  measurement.	  This	  separation	  is	  needed,	  because	  the	  14C	  value	  of	  CH4	  can	  be	  
different	  from	  the	  other	  carbon	  fractions.	  	  
In	   chapter	   4	   the	   biogenic	   carbon	   fractions	   of	   raw	   SNG	   and	   process	   flue	   gas	   were	  
investigated.	  Differences	  in	  the	  biogenic	  carbon	  fraction	  between	  the	  solid	  input	  material,	  
the	  flue	  gas,	  and	  the	  raw	  SNG,	  due	  to	  carbon	  partitioning	  in	  the	  SNG	  production	  process,	  
made	  clear	  that	  individual	  carbon	  in-­‐	  and	  output	  flows	  are	  not	  necessarily	  representative	  
in	  biogenic	  carbon	  fraction	  for	  other	  carbon	  flows	   in	  the	  same	  production	  process.	  They	  
should	  therefore	  be	  investigated	  individually.	  	  
	  
Norton	  (2008)	  describes	  an	  example	  of	  regulations	  (by	  the	  United	  States	  Department	  
of	  Agriculture,	  USDA)	   in	  which	   the	  bio-­‐based	   fraction	   should	  only	  be	  determined	   in	   the	  
total	   organic	   carbon	   fraction	   of	   the	   sample.	   This	   means	   that	   the	   fraction	   of	   inorganic	  
carbon	   in	   the	   (solid)	   sample	   material	   should	   be	   excluded	   somewhere	   in	   the	   method	  
(which	  can	  be	  rather	  complicated),	  especially	  if	  this	  fraction	  has	  a	  very	  different	  14C	  value	  
compared	  to	  the	  organic	  carbon	  fraction	  and	  the	  inorganic	  fraction	  in	  the	  total	  carbon	  is	  
 
relatively	   large.	   According	   to	   Norton:	   “(…),	   because	   of	   the	   potential	   magnitude	   of	   the	  
analytical	   errors	   involved	   with	   analysing	   carbonate-­‐bearing	   products,	   the	   analyst	   must	  
always	   be	   cognizant	   of	   the	   carbonate	   issue	   and	  must	   be	   full	   aware	   of	   its	   implications”.	  
Specification	   of	   the	   type	   of	   carbon	   to	   be	   investigated	   is	   in	   these	   cases	   essential,	   as	   it	  
determines	  which	  	  (chemical)	  pre-­‐treatment	  of	  the	  sample	  material	  should	  be	  used	  before	  
combustion	  to	  CO2.	  	  	  
	  
The	  selection	  of	  representative	  carbon	  requires	  attention	  for	  different	  features	  of	  the	  
carbon	   selection	   process	   by	   all	   people	   involved	   in	   this	   process.	   The	   purpose	   of	   the	  
investigation	  and	  the	  14C	  measurements	  should	  be	  clear,	  the	  carbon	  of	  interest	  should	  be	  
described,	   and	   sampling	  and	   laboratory	  pre-­‐treatment	  methods	   should	  be	  adjusted	  and	  
optimized	  to	  obtain	  this	  specific	  carbon	  fraction.	  If	  the	  carbon	  of	  interest	  is	  only	  a	  fraction	  
of	  the	  total	  carbon	  in	  the	  sample,	  and	  if	  this	  fraction	  cannot	  be	  separated	  from	  the	  total	  
carbon	   fraction	   during	   sampling	   or	   pre-­‐treatment,	   additional	   information	   and	  
measurements	  are	  required	  to	  estimate	  the	  carbon	  contribution	  that	  is	  not	  of	  interest	  and	  
to	  correct	  the	  measured	  14C	  value	  of	  the	  sample	  for	  this	  contribution.	  
	  
5.3.3	  Reliable	  determination	  of	  14Csample	  
After	  pre-­‐treatment	  of	  the	  sample	  material,	  the	  obtained	  carbon	  fraction	  is	  measured	  
in	  a	   14C	   laboratory	  with	  either	  AMS,	  measuring	   14C/12C	   (or	   sometimes	   14C/13C)	   ion	  count	  
ratios,	  or	  with	  proportional	  gas	  counters	  (Beta	  ionization)	  or	  LSC	  instruments,	  measuring	  
beta	  counts	  from	  14C	  decay.	  	  
The	  reliability	  of	  a	  14Csample	  value	  in	  the	  biogenic	  carbon	  fraction	  determination	  is	  high	  if	  
1)	   this	   value	   is	   calibrated	  well;	   2)	   it	   only	   represents	   the	   14C	   amount	   of	   biogenic	   carbon	  
from	   the	   carbon	   of	   interest;	   3)	   is	   reproducible	   (high	   precision);	   and	   4)	   equals	   the	   true	  
value	   of	   the	   carbon	   of	   interest	   (high	   accuracy).	   14C	   laboratories	   handling	   enriched	   14C	  
samples	  are	  in	  principle	  not	  suitable	  for	  the	  bio-­‐fossil	  carbon	  application,	  due	  to	  the	  high	  
risk	  of	  14C	  contamination	  (affects	  item	  2	  and	  possibly	  also	  item	  1).	  
	  
As	   already	   explained	   in	   section	   1.3.2,	   equation	   5.1	   (1.4	   in	   section	   1.3.2)	   is	   used	   to	  
obtain	   the	   same	   14Csample_measured	   values	   for	   samples	   with	   the	   same	   biogenic	   carbon	  
fraction,	  regardless	  the	  origin	  (in	  time	  and	  formation	  process)	  of	  the	  carbon	  materials,	  the	  
applied	  14C	  measurement	  technique	  and	  used	  reference	  materials	  (for	  calibration).	  	  
	  























 This	   calculation	   is	   the	   internationally	   agreed,	   but	   often	   confusing,	   standardized	  
calculation	   for	   atmospheric	  CO2	   samples	  and	  atmospheric	  CO2-­‐derived	   sample	  materials	  
of	  1950	  and	   later.	   It	   should	  be	  used	   in	  all	   14C	  applications	   in	  which	   the	  biogenic	   carbon	  
fraction	  is	  to	  be	  determined.	  As	  mentioned	  in	  1.3.2,	  the	  decay	  correction	  can	  be	  left	  out,	  if	  
the	  decay	  corrections	  applied	  in	  the	  calculations	  of	  14Csample	  and	  
14Cbio	  are	  equal.	  
In	  many	  published	  papers	  with	  14C-­‐based	  biogenic	  carbon	  fraction	  determinations,	  it	  is	  
often	   not	   clear	   how	   the	   reported	   14C	   values	   were	   calculated	   exactly.	   Used	   reference	  
material	  and	  applied	  corrections	  (isotope	  fractionation,	  decay)	  are	  not	  always	  mentioned.	  
Instead,	  authors	  often	  refer	  to	  the	  paper	  of	  Stuiver	  and	  Polach	  (1977).	  But,	  as	  different	  14C	  
applications	   have	   different	   corrections	   (see	   also	   Mook	   and	   van	   der	   Plicht,	   1999),	   the	  
applied	   calculation	   method	   will	   not	   be	   clear	   from	   this	   paper.	   The	   standard	   way	   of	  
expressing	   the	   14Csample	   value	   is	   usually	   in	   %.	   This	  
14Csample	   value	   is	   sometimes	   called	  
‘fraction	  Modern’	  and	  is	  expressed	  as	  fraction	  or	  %.	  This	  percentage	  is	  often	  (in	  research	  
papers	   and	   in	   the	   standards)	   called	   ‘percent	  Modern	   Carbon’,	   abbreviated	   to	   pMC	   and	  
this	   ‘unit’	   then	   replaces	   ‘%’	   in	   reported	   results.	   Because	   of	   the	   different	   reference	  
materials,	  corrections	  and	  used	  symbols	  and	  units,	  the	  best	  way	  to	  avoid	  confusion	  about	  
what	  the	  reported	  14C	  value	  exactly	  represents,	   is	  to	  explain	  in	  each	  paper	  exactly	  which	  
reference	   material	   has	   been	   used,	   whether	   corrections	   for	   isotope	   fractionation	   and	  
decay	  have	  been	  applied,	  how	  the	   14C	  values	  are	  symbolized	  and	   in	  which	  unit	   they	  are	  
expressed.	  
	  
To	   check	   the	   validity	   of	   the	   determined	   14Csample_measured	   values	   as	   obtained	   under	  
certain	   measurement	   conditions	   and	   calculated	   according	   to	   equation	   5.1,	   additional	  
measurements	   under	   the	   same	   measurement	   conditions	   of	   reference	   materials	   with	  
known	   14Csample	   values	   need	   to	   be	   performed	   as	   well	   (as	   part	   of	   quality	   control/quality	  
assurance	  procedures:	  QC/QA).	  At	   the	  CIO	   laboratory	   the	  calibration	  of	   the	   14C	  values	   is	  
checked	  with	  certain	  reference	  materials	  and	  repeated	  analyses	  of	  different	  types	  of	  bio-­‐
based	   materials	   give	   indications	   of	   the	   reproducibility	   of	   the	   applied	   measurement	  
method.	  Systematic	  deviations	  from	  the	  true	  14C	  value,	  due	  to	  the	  sample	  pre-­‐treatment	  
step	  to	  CO2,	  are	  monitored	  in	  inter-­‐comparison	  tests	  for	  different	  sample	  materials	  (THIRI,	  
FIRI	  and	  VIRI	  tests;	  see	  Scott	  et	  al.,	  2010	  for	  information	  about	  VIRI).	  So	  far,	  these	  tests	  did	  
not	  include	  the	  kind	  of	  sample	  materials	  that	  are	  investigated	  for	  biogenic	  carbon	  fraction	  
determination.	   CIO	   participated	   in	   different	   round-­‐robin	   tests	   that	   were	   organized	   for	  
validation	   purposes	   of	   standards:	   for	   solid	   recovered	   fuel	   (SRF)	   samples,	   flue	   gas	   CO2	  
samples,	   bio-­‐based	   materials	   and	   rubber,	   as	   part	   of	   validation	   tests	   of	   international	  
standards	   (CEN/TS	   15440,	   ISO	   13833,	   CEN/TS	   16640	   and	   ISO	   19984-­‐2).	   The	   results	   of	  
these	  tests	  give	  an	  indication	  of	  the	  performance	  of	  the	  CIO	  analyses	  compared	  to	  other	  
laboratories	   in	   the	   world.	   To	   verify	   whether	   the	   obtained	   14C	   value	   is	   a	   ‘true	   value’,	  
reference	   materials	   are	   needed	   which	   represent	   the	   type	   of	   sample	   material	   with	   its	  
 
specific	  behaviour	  during	  sampling	  and	  pre-­‐treatment	  to	  CO2,	  and	  for	  which	  the	  
14C	  value	  
is	  exactly	  known.	  These	  reference	  materials,	  with	  different	  14C	  values	  that	  cover	  the	  zero	  
to	   atmospheric	   14C	   value	   range,	  might	   be	   for	   some	   sample	  materials	   difficult	   to	   find	   or	  
produce	  (in	  case	  of	  mixtures).	  
	  
In	   chapter	   3,	   examples	  were	   given	   for	   the	   systematic	   errors	   in	   determined	   biogenic	  
carbon	  fractions	  if	  the	  isotope	  fractionation	  correction	  (3.4.6;	  absolute	  errors	  up	  to	  -­‐10%)	  
and/or	   the	  decay	   correction	   (3.4.4;	   absolute	  errors	  up	   to	   -­‐1%)	   are	  not	   applied	  at	   all,	   or	  
were	   applied	   with	   assumptions	   that	   are	   not	   exactly	   valid:	   neglecting	   the	   fossil	   carbon	  
contribution	   in	   the	   isotope	   fractionation	   correction	   or	   accept	   differences	   in	   decay	  
correction	  between	  the	  14Csample	  and	  the	  
14Cbio	  values.	  
	  
In	   addition	   to	   figure	   3.2,	   figure	   5.2	   gives	   an	   overview	   of	   relative	   errors	   in	   the	  
determined	   biogenic	   carbon	   fractions,	   if	   the	   isotope	   fractionation	   correction	   (based	   on	  
δ13Cbio	  values)	  is	  not	  applied	  at	  all.	  	  
	  
Figure	   5.2.	   Relative	   difference	   in	   calculated	   biogenic	   carbon	   fraction	   with	   the	   true	  
biogenic	  carbon	  fraction,	  if	  the	  isotope	  fractionation	  correction	  (based	  on	  13Csample	  =	  
13Cbio)	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   calculation	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   the	   internationally	   agreed,	   but	   often	   confusing,	   standardized	  
calculation	   for	   atmospheric	  CO2	   samples	  and	  atmospheric	  CO2-­‐derived	   sample	  materials	  
of	  1950	  and	   later.	   It	   should	  be	  used	   in	  all	   14C	  applications	   in	  which	   the	  biogenic	   carbon	  
fraction	  is	  to	  be	  determined.	  As	  mentioned	  in	  1.3.2,	  the	  decay	  correction	  can	  be	  left	  out,	  if	  
the	  decay	  corrections	  applied	  in	  the	  calculations	  of	  14Csample	  and	  
14Cbio	  are	  equal.	  
In	  many	  published	  papers	  with	  14C-­‐based	  biogenic	  carbon	  fraction	  determinations,	  it	  is	  
often	   not	   clear	   how	   the	   reported	   14C	   values	   were	   calculated	   exactly.	   Used	   reference	  
material	  and	  applied	  corrections	  (isotope	  fractionation,	  decay)	  are	  not	  always	  mentioned.	  
Instead,	  authors	  often	  refer	  to	  the	  paper	  of	  Stuiver	  and	  Polach	  (1977).	  But,	  as	  different	  14C	  
applications	   have	   different	   corrections	   (see	   also	   Mook	   and	   van	   der	   Plicht,	   1999),	   the	  
applied	   calculation	   method	   will	   not	   be	   clear	   from	   this	   paper.	   The	   standard	   way	   of	  
expressing	   the	   14Csample	   value	   is	   usually	   in	   %.	   This	  
14Csample	   value	   is	   sometimes	   called	  
‘fraction	  Modern’	  and	  is	  expressed	  as	  fraction	  or	  %.	  This	  percentage	  is	  often	  (in	  research	  
papers	   and	   in	   the	   standards)	   called	   ‘percent	  Modern	   Carbon’,	   abbreviated	   to	   pMC	   and	  
this	   ‘unit’	   then	   replaces	   ‘%’	   in	   reported	   results.	   Because	   of	   the	   different	   reference	  
materials,	  corrections	  and	  used	  symbols	  and	  units,	  the	  best	  way	  to	  avoid	  confusion	  about	  
what	  the	  reported	  14C	  value	  exactly	  represents,	   is	  to	  explain	  in	  each	  paper	  exactly	  which	  
reference	   material	   has	   been	   used,	   whether	   corrections	   for	   isotope	   fractionation	   and	  
decay	  have	  been	  applied,	  how	  the	   14C	  values	  are	  symbolized	  and	   in	  which	  unit	   they	  are	  
expressed.	  
	  
To	   check	   the	   validity	   of	   the	   determined	   14Csample_measured	   values	   as	   obtained	   under	  
certain	   measurement	   conditions	   and	   calculated	   according	   to	   equation	   5.1,	   additional	  
measurements	   under	   the	   same	   measurement	   conditions	   of	   reference	   materials	   with	  
known	   14Csample	   values	   need	   to	   be	   performed	   as	   well	   (as	   part	   of	   quality	   control/quality	  
assurance	  procedures:	  QC/QA).	  At	   the	  CIO	   laboratory	   the	  calibration	  of	   the	   14C	  values	   is	  
checked	  with	  certain	  reference	  materials	  and	  repeated	  analyses	  of	  different	  types	  of	  bio-­‐
based	   materials	   give	   indications	   of	   the	   reproducibility	   of	   the	   applied	   measurement	  
method.	  Systematic	  deviations	  from	  the	  true	  14C	  value,	  due	  to	  the	  sample	  pre-­‐treatment	  
step	  to	  CO2,	  are	  monitored	  in	  inter-­‐comparison	  tests	  for	  different	  sample	  materials	  (THIRI,	  
FIRI	  and	  VIRI	  tests;	  see	  Scott	  et	  al.,	  2010	  for	  information	  about	  VIRI).	  So	  far,	  these	  tests	  did	  
not	  include	  the	  kind	  of	  sample	  materials	  that	  are	  investigated	  for	  biogenic	  carbon	  fraction	  
determination.	   CIO	   participated	   in	   different	   round-­‐robin	   tests	   that	   were	   organized	   for	  
validation	   purposes	   of	   standards:	   for	   solid	   recovered	   fuel	   (SRF)	   samples,	   flue	   gas	   CO2	  
samples,	   bio-­‐based	   materials	   and	   rubber,	   as	   part	   of	   validation	   tests	   of	   international	  
standards	   (CEN/TS	   15440,	   ISO	   13833,	   CEN/TS	   16640	   and	   ISO	   19984-­‐2).	   The	   results	   of	  
these	  tests	  give	  an	  indication	  of	  the	  performance	  of	  the	  CIO	  analyses	  compared	  to	  other	  
laboratories	   in	   the	   world.	   To	   verify	   whether	   the	   obtained	   14C	   value	   is	   a	   ‘true	   value’,	  
reference	   materials	   are	   needed	   which	   represent	   the	   type	   of	   sample	   material	   with	   its	  
 
specific	  behaviour	  during	  sampling	  and	  pre-­‐treatment	  to	  CO2,	  and	  for	  which	  the	  
14C	  value	  
is	  exactly	  known.	  These	  reference	  materials,	  with	  different	  14C	  values	  that	  cover	  the	  zero	  
to	   atmospheric	   14C	   value	   range,	  might	   be	   for	   some	   sample	  materials	   difficult	   to	   find	   or	  
produce	  (in	  case	  of	  mixtures).	  
	  
In	   chapter	   3,	   examples	  were	   given	   for	   the	   systematic	   errors	   in	   determined	   biogenic	  
carbon	  fractions	  if	  the	  isotope	  fractionation	  correction	  (3.4.6;	  absolute	  errors	  up	  to	  -­‐10%)	  
and/or	   the	  decay	   correction	   (3.4.4;	   absolute	  errors	  up	   to	   -­‐1%)	   are	  not	   applied	  at	   all,	   or	  
were	   applied	   with	   assumptions	   that	   are	   not	   exactly	   valid:	   neglecting	   the	   fossil	   carbon	  
contribution	   in	   the	   isotope	   fractionation	   correction	   or	   accept	   differences	   in	   decay	  
correction	  between	  the	  14Csample	  and	  the	  
14Cbio	  values.	  
	  
In	   addition	   to	   figure	   3.2,	   figure	   5.2	   gives	   an	   overview	   of	   relative	   errors	   in	   the	  
determined	   biogenic	   carbon	   fractions,	   if	   the	   isotope	   fractionation	   correction	   (based	   on	  
δ13Cbio	  values)	  is	  not	  applied	  at	  all.	  	  
	  
Figure	   5.2.	   Relative	   difference	   in	   calculated	   biogenic	   carbon	   fraction	   with	   the	   true	  
biogenic	  carbon	  fraction,	  if	  the	  isotope	  fractionation	  correction	  (based	  on	  13Csample	  =	  
13Cbio)	  





 The	   effects	   are	   indicated	   for	   different	   biomass(-­‐based)	   materials.	   Some	   14C	  
laboratories,	   mainly	   LSC	   laboratories,	   do	   not	   have	   equipment	   (IRMS)	   to	   measure	   δ13C	  
values	  and	  therefore	  report	  uncorrected	  14Csample	  values	   if	   the	  δ
13C	  value	  of	   the	  biogenic	  
carbon	   in	   the	   material	   is	   not	   known	   (or	   estimated)	   otherwise.	   Especially	   CO2	   and	   CH4	  
fractions	   of	   (raw)	   biogas	   have	   relatively	   large	   errors	   in	   the	   calculated	   biogenic	   carbon	  
fractions	  if	  the	  isotope	  fractionation	  correction	  is	  not	  applied.	  Absolute	  systematic	  errors	  
are	   maximal	   for	   100%	   biogenic	   materials	   and	   can	   then	   be	   maximal	   -­‐10%	   for	   the	   CH4	  
fraction.	  The	  relative	  systematic	  error	   in	   the	  determined	  biogenic	  carbon	  fraction	  of	   the	  
CO2	  fraction	  of	  biogas	  samples,	  not	  indicated	  in	  figure	  5.2,	  can	  be	  between	  +1	  and	  +5%	  if	  
no	  isotope	  fractionation	  correction	  is	  applied.	  
	  
Only	   if	   the	   14Cbio	   value	   of	   the	   biogenic	   carbon	   fraction	   in	   a	   sample	  material	   can	   be	  
separately	   determined,	   the	   size	   of	   the	   isotope	   fractionation	   correction	   will	   be	   almost	  
equal	  to	  the	  correction	  of	  the	  measured	  14Csample	  value.	  In	  those	  cases	  these	  two	  isotope	  
fractionation	  correction	  factors	  cancel	  each	  other	  in	  the	  calculation	  of	  the	  biogenic	  carbon	  
fraction	   and	   isotope	   fractionation	   correction	   can	   be	   neglected.	   In	   practise,	   14Cbio	   values	  
are	   based	   on	   given	   ‘standard’	   values	   or	   otherwise	   based	   on	   atmospheric	   14CO2	  
measurements	   and	   these	   values	   need	   to	   be	   corrected	   for	   isotope	   fractionation	   (as	   the	  
atmosphere	  has	  different	  δ13C	  values	  compared	  to	  most	  biogenic	  carbon	  materials).	  
	  	  
In	   the	   calculation	   of	   the	   biogenic	   carbon	   fraction	   (eq.	   1.3)	   the	   14Csample	   value	   should	  
only	   represent	   the	   carbon	   of	   interest	   and	   contributions	   of	   other	   carbon	   sources	   to	   the	  
measured	  14C	  value	  should	  be	  left	  out	  as	  explained	  in	  section	  1.3.3	  (eq.	  1.9),	  Examples	  of	  
these	   kinds	   of	   corrections	   were	   demonstrated	   in	   chapter	   2	   for	   combustion	   air	   and	  
contamination	  (section	  2.2.3;	  eq.	  2.2	  and	  eq.	  2.3).	  In	  those	  cases	  14Csample	  is	  not	  identical	  to	  
14Csample_measured.	  
	  
5.3.4	  Representative	  determination	  of	  14Cbio	  	  	  
	  As	  explained	  in	  section	  1.3.3	  and	  demonstrated	  in	  chapter	  3	  (sections	  3.4.4	  and	  3.4.5),	  
the	   14C	   reference	   value	   for	   100%	   biogenic	   carbon,	   14Cbio,	   in	   the	   investigated	   sample	  
material	  can	  vary	  considerably	  between	  different	  (mixtures	  of)	  biomass	  materials,	  due	  to	  
an	  annual	  decrease	  in	  average	  atmospheric	  14CO2	  values	  over	  the	  last	  60	  years.	  In	  section	  
3.4.5	  we	   introduced	  an	  approach	   to	  approximate	   the	   14Cbio	  value	   if	   this	  value	  cannot	  be	  
determined	   by	   analysis	   of	   the	   biogenic	   carbon	   material	   itself.	   This	   approach	   aims	   to	  
reduce	  systematic	  errors	  in	  the	  determined	  biogenic	  carbon	  fraction	  and	  results	  in	  lower	  
uncertainty	  ranges.	  For	  this	  approach	  additional	  independent	  information	  about	  the	  origin	  
of	   the	   biomass	   is	   essential.	   This	   information	   is,	   however,	   not	   always	   available	   and	   the	  
approach	   requires	   additional	   knowledge	   and	   understanding	   of	   the	   14C	   method.	   Some	  
standards,	   as	   ASTM	   6866	   and	   ISO	   13833,	   therefore	   use	   one	   14Cbio	   value	   for	   simplicity,	  
 
regardless	  of	  the	  (average)	  harvest	  time	  and	  the	  (average)	  period	  of	  growth.	  This	  chosen	  
value	  represents	  an	  average	  atmospheric	  14CO2	  value	  as	  measured	  in	  one	  particular	  recent	  
year	  and	  the	  idea	  (by	  those	  involved	  in	  making	  and	  revising	  the	  standards)	  is	  to	  adjust	  this	  
value	   in	   the	   standards	   approximately	   every	   5	   years,	   to	   keep	   the	   reference	   value	   in	   line	  
with	  the	  decreasing	  trend	  in	  the	  atmospheric	  14CO2	  values.	  
	  
Figure	   5.3	   shows	   the	   absolute	   systematic	   errors	   in	   the	   determined	   biogenic	   carbon	  
fraction	  if	  a	  recent	  atmospheric	  14CO2	  value	  of	  101	  pMC	  is	  used	  as	  
14Cbio	  value,	  while	  the	  
true	   average	   14Cbio	   value	   of	   the	   sample	   equals	   a	   certain	   atmospheric	  
14CO2	   value	   in	   the	  






Figure	  5.3.	  Absolute	  error	   in	   the	  determined	  biogenic	  carbon	   fraction	   for	   the	  case	  where	  
14Cbio	   is	   set	   to	  a	  value	  of	  101	  pMC	  while	   the	   true	  average	  value	  of	  a	  biomass	  material	   is	  
equal	   to	   a	   certain	   average	   atmospheric	   14CO2	   value	   as	  measured	   by	   CIO	   at	   monitoring	  
stations	   Smilde	   (Netherlands;	   1975-­‐2002)	   and	   Lutjewad	   (Netherlands;	   2003-­‐2013)	  
between	  1975	  and	  2013.	  The	  2020-­‐value	  shows	  an	  example	  of	  the	  deviation	  observed	   in	  
2013-­‐biomass	  from	  a	  depleted	  (urbanized)	  region	  (14Csample	  value	  of	  99	  pMC).	  The	  majority	  
of	  the	  currently	  used	  annual-­‐plant	  biomass	  materials	  origin	  from	  the	  time	  period	  marked	  




 The	   effects	   are	   indicated	   for	   different	   biomass(-­‐based)	   materials.	   Some	   14C	  
laboratories,	   mainly	   LSC	   laboratories,	   do	   not	   have	   equipment	   (IRMS)	   to	   measure	   δ13C	  
values	  and	  therefore	  report	  uncorrected	  14Csample	  values	   if	   the	  δ
13C	  value	  of	   the	  biogenic	  
carbon	   in	   the	   material	   is	   not	   known	   (or	   estimated)	   otherwise.	   Especially	   CO2	   and	   CH4	  
fractions	   of	   (raw)	   biogas	   have	   relatively	   large	   errors	   in	   the	   calculated	   biogenic	   carbon	  
fractions	  if	  the	  isotope	  fractionation	  correction	  is	  not	  applied.	  Absolute	  systematic	  errors	  
are	   maximal	   for	   100%	   biogenic	   materials	   and	   can	   then	   be	   maximal	   -­‐10%	   for	   the	   CH4	  
fraction.	  The	  relative	  systematic	  error	   in	   the	  determined	  biogenic	  carbon	  fraction	  of	   the	  
CO2	  fraction	  of	  biogas	  samples,	  not	  indicated	  in	  figure	  5.2,	  can	  be	  between	  +1	  and	  +5%	  if	  
no	  isotope	  fractionation	  correction	  is	  applied.	  
	  
Only	   if	   the	   14Cbio	   value	   of	   the	   biogenic	   carbon	   fraction	   in	   a	   sample	  material	   can	   be	  
separately	   determined,	   the	   size	   of	   the	   isotope	   fractionation	   correction	   will	   be	   almost	  
equal	  to	  the	  correction	  of	  the	  measured	  14Csample	  value.	  In	  those	  cases	  these	  two	  isotope	  
fractionation	  correction	  factors	  cancel	  each	  other	  in	  the	  calculation	  of	  the	  biogenic	  carbon	  
fraction	   and	   isotope	   fractionation	   correction	   can	   be	   neglected.	   In	   practise,	   14Cbio	   values	  
are	   based	   on	   given	   ‘standard’	   values	   or	   otherwise	   based	   on	   atmospheric	   14CO2	  
measurements	   and	   these	   values	   need	   to	   be	   corrected	   for	   isotope	   fractionation	   (as	   the	  
atmosphere	  has	  different	  δ13C	  values	  compared	  to	  most	  biogenic	  carbon	  materials).	  
	  	  
In	   the	   calculation	   of	   the	   biogenic	   carbon	   fraction	   (eq.	   1.3)	   the	   14Csample	   value	   should	  
only	   represent	   the	   carbon	   of	   interest	   and	   contributions	   of	   other	   carbon	   sources	   to	   the	  
measured	  14C	  value	  should	  be	  left	  out	  as	  explained	  in	  section	  1.3.3	  (eq.	  1.9),	  Examples	  of	  
these	   kinds	   of	   corrections	   were	   demonstrated	   in	   chapter	   2	   for	   combustion	   air	   and	  
contamination	  (section	  2.2.3;	  eq.	  2.2	  and	  eq.	  2.3).	  In	  those	  cases	  14Csample	  is	  not	  identical	  to	  
14Csample_measured.	  
	  
5.3.4	  Representative	  determination	  of	  14Cbio	  	  	  
	  As	  explained	  in	  section	  1.3.3	  and	  demonstrated	  in	  chapter	  3	  (sections	  3.4.4	  and	  3.4.5),	  
the	   14C	   reference	   value	   for	   100%	   biogenic	   carbon,	   14Cbio,	   in	   the	   investigated	   sample	  
material	  can	  vary	  considerably	  between	  different	  (mixtures	  of)	  biomass	  materials,	  due	  to	  
an	  annual	  decrease	  in	  average	  atmospheric	  14CO2	  values	  over	  the	  last	  60	  years.	  In	  section	  
3.4.5	  we	   introduced	  an	  approach	   to	  approximate	   the	   14Cbio	  value	   if	   this	  value	  cannot	  be	  
determined	   by	   analysis	   of	   the	   biogenic	   carbon	   material	   itself.	   This	   approach	   aims	   to	  
reduce	  systematic	  errors	  in	  the	  determined	  biogenic	  carbon	  fraction	  and	  results	  in	  lower	  
uncertainty	  ranges.	  For	  this	  approach	  additional	  independent	  information	  about	  the	  origin	  
of	   the	   biomass	   is	   essential.	   This	   information	   is,	   however,	   not	   always	   available	   and	   the	  
approach	   requires	   additional	   knowledge	   and	   understanding	   of	   the	   14C	   method.	   Some	  
standards,	   as	   ASTM	   6866	   and	   ISO	   13833,	   therefore	   use	   one	   14Cbio	   value	   for	   simplicity,	  
 
regardless	  of	  the	  (average)	  harvest	  time	  and	  the	  (average)	  period	  of	  growth.	  This	  chosen	  
value	  represents	  an	  average	  atmospheric	  14CO2	  value	  as	  measured	  in	  one	  particular	  recent	  
year	  and	  the	  idea	  (by	  those	  involved	  in	  making	  and	  revising	  the	  standards)	  is	  to	  adjust	  this	  
value	   in	   the	   standards	   approximately	   every	   5	   years,	   to	   keep	   the	   reference	   value	   in	   line	  
with	  the	  decreasing	  trend	  in	  the	  atmospheric	  14CO2	  values.	  
	  
Figure	   5.3	   shows	   the	   absolute	   systematic	   errors	   in	   the	   determined	   biogenic	   carbon	  
fraction	  if	  a	  recent	  atmospheric	  14CO2	  value	  of	  101	  pMC	  is	  used	  as	  
14Cbio	  value,	  while	  the	  
true	   average	   14Cbio	   value	   of	   the	   sample	   equals	   a	   certain	   atmospheric	  
14CO2	   value	   in	   the	  






Figure	  5.3.	  Absolute	  error	   in	   the	  determined	  biogenic	  carbon	   fraction	   for	   the	  case	  where	  
14Cbio	   is	   set	   to	  a	  value	  of	  101	  pMC	  while	   the	   true	  average	  value	  of	  a	  biomass	  material	   is	  
equal	   to	   a	   certain	   average	   atmospheric	   14CO2	   value	   as	  measured	   by	   CIO	   at	   monitoring	  
stations	   Smilde	   (Netherlands;	   1975-­‐2002)	   and	   Lutjewad	   (Netherlands;	   2003-­‐2013)	  
between	  1975	  and	  2013.	  The	  2020-­‐value	  shows	  an	  example	  of	  the	  deviation	  observed	   in	  
2013-­‐biomass	  from	  a	  depleted	  (urbanized)	  region	  (14Csample	  value	  of	  99	  pMC).	  The	  majority	  
of	  the	  currently	  used	  annual-­‐plant	  biomass	  materials	  origin	  from	  the	  time	  period	  marked	  





 Wood-­‐based	  materials	  investigated	  at	  CIO	  over	  the	  last	  years	  (as	  solid	  wood,	  flue	  gas	  
and	   raw	   SNG)	   showed	   14C	   values	   between	   110	   and	   130	   pMC.	   Studies	   by	   Mohn	   et	   al.	  
(2008)	  and	  Fellner	  and	  Rechberger	  (2009)	  about	  average	  14C	  values	  of	  waste-­‐materials	  and	  
wood-­‐based	  materials	   also	   showed	   this	   range	  of	   values.	   They	   calculated	  average	   values	  
for	  waste	  and	  wood-­‐based	  materials	  between	  113-­‐117	  pMC.	  This	  value	  was	  also	  found	  in	  
our	  biogas	  study	  for	  biogas	  from	  an	  old	  landfill	  site	  (section	  4.4.4).	  Waste	  and	  wood-­‐based	  
materials	  show	  systematic	  higher	  14C	  values	  than	  the	  14C	  values	  of	  current	  harvest	  years.	  
For	   these	   kinds	   of	   materials	   the	   14Cbio	   value	   should	   therefore	   not	   be	   based	   on	   current	  
atmospheric	   14C	   values,	   as	   errors	   in	   the	   biogenic	   carbon	   fraction	   can	   be	   up	   to	   +30%	   if	  
100%	   biomass	   materials	   are	   determined.	   If	   a	   biogenic	   carbon	   fraction	   of	   for	   example	  
110%	  is	  calculated	  this	  way,	  one	  cannot	  be	  sure	  that	  this	  material	  is	  100%	  biogenic,	  as	  this	  
biogenic	  carbon	  fraction	  can	   in	  principle	  be	  85%	  wood	  carbon	  with	  a	  14C	  value	  of	  130%,	  
mixed	  with	  15%	  of	  fossil	  carbon.	  Also,	  true	  biogenic	  carbon	  fractions	  of	  50%	  or	  10%	  will	  be	  
determined	   as	   58%	   and	   12%,	   respectively.	   Hence:	   sample	   materials	   will	   appear	   to	   be	  
containing	  more	   biogenic	   carbon	   than	   they	   actually	   do.	   The	   fraction	   of	   fossil	   carbon	   is	  
then	  underestimated.	  	  
	  
The	   use	   of	   representative	   14Cbio	   values	   in	  
14C-­‐based	   methods	   is	   thus	   essential	   for	  
reliable	   determination	   and	   verification	   of	   the	   biogenic	   carbon	   fraction.	   The	   studies	   by	  
Mohn	  et	   al.	   (2008)	   and	  by	   Fellner	   and	  Rechberger	   (2009)	   have	   given	   reliable	   14C	   values	  
and	   uncertainty	   ranges	   for	   waste	   and	   wood-­‐based	   materials	   that	   could	   be	   used	   as	  
reference	  14C	  value.	  The	  European	  standard	  for	  SRF/waste	  materials	  (CEN/TS	  15440)	  uses	  
an	  average	  14C	  value	  for	  waste	  that	  is	  relatively	  similar	  to	  the	  average	  value	  determined	  by	  
Mohn	   et	   al.	   (2008).	   Several	   other	   international	   standards	   however,	   which	   could	   in	  
principle	  be	  used	  for	  a	  wide	  variety	  of	  materials	  including	  wood-­‐based	  and	  mixed	  (waste)	  
materials	   (like	  ASTM	  6866,	   ISO	  13833	  and	  CEN/TS	  16640),	  use	  only	  one	   recent	  harvest-­‐
year	  14Cbio	  value.	   If	   those	  standards	  are	  used	  for	  these	  particular	  materials,	   the	  obtained	  
biogenic	  carbon	  fractions	  can	  deviate	  substantially	  from	  the	  true	  values.	  Standards	  using	  
recent	   harvest-­‐year	   14Cbio	   values	   only	   are	   not	   suitable	   for	   accurate	   biogenic	   carbon	  
fraction	  determination	  of	  waste	  and	  wood-­‐based	  materials.	  
The	  majority	   of	   the	   biomass	   from	   annual	   plants	   that	   is	   used	   in	   fuels	   and	   other	   bio-­‐
based	  materials	  were	  harvested	  less	  than	  10	  years	  ago,	  probably	  mostly	  even	  less	  than	  5	  
years	  ago.	  Errors	  in	  the	  biogenic	  carbon	  fraction	  are	  then	  maximal	  5%	  (for	  100%	  biogenic	  
carbon),	  and	  in	  general	  below	  2%,	  if	  a	  very	  recent	  harvest	  year	  is	  used	  as	  14Cbio	  value.	  
	  
For	  composite	  bio-­‐based	  materials	  (different	  bio-­‐based	  ingredients	  that	  were	  used	  in	  
the	   production	   of	   the	  material),	   other	   than	  waste,	   the	   (proportional)	   average	   14C	   value	  
can	  vary	   substantially	  as	  well.	   This	   can	   result	   in	  errors	   in	   the	  biogenic	   carbon	   fraction	   if	  
either	  the	  reference	  value	  for	  waste	  or	  a	  more	  recent	  harvest	  year	  value	  is	  used.	  The	  14Cbio	  
 
value	   for	   these	   kinds	   of	   materials	   depends	   on	   the	   overall	   14C	   value	   of	   each	   bio-­‐based	  
carbon	  fraction	  and	  the	  size	  of	   this	   fraction	   in	  the	  total	  bio-­‐based	  carbon	  fraction	   in	  the	  
sample.	  If	  for	  instance	  products	  are	  made	  from	  a	  mixture	  of	  wood	  and	  recent	  annual	  plant	  
materials,	  the	  range	  of	  possible	  14Cbio	  values	  is	  relatively	  large	  and	  depends	  mostly	  on	  the	  
sizes	  of	  the	  fractions	  of	  wood-­‐carbon	  and	  plant-­‐carbon	  in	  the	  material.	  For	  samples	  with	  
these	   kinds	   of	   bio-­‐based	   mixtures,	   a	   sample-­‐specific	   approximation	   of	   the	   14Cbio	   value,	  
using	   independent	   information	   about	   the	   used	   bio-­‐based	   ingredients,	   is	   essential	   to	  
minimize	  systematic	  errors	  in	  the	  calculated	  biogenic	  carbon	  fraction.	  
	  
5.3.5	  14C-­‐based	  biogenic	  carbon	  fraction	  	  
The	   previous	   sections	   demonstrated	   the	   different	   factors	   that	   affect	   the	   biogenic	  
carbon	   fraction	   and	   its	   representativeness	   for	   the	   carbon	   under	   investigation.	   The	  
described	  factors	  influence	  the	  reliability	  of	  the	  results	  and	  should	  therefore	  be	  taken	  into	  
account	   in	   the	   application	  of	   14C-­‐based	  method.	  As	   the	  biogenic	   carbon	   fraction	   can	  be	  
determined	  in	  a	  wide	  range	  of	  materials	  with	  different	  characteristics	  and	  features	  (solid,	  
liquid,	  gas;	  waste,	  defined	  products;	  wood-­‐based	  materials,	  annual	  plants),	  the	  influence	  
of	   the	  different	   factors	   and	   its	   impact	   on	   the	   final	   determined	  biogenic	   carbon	   fraction	  
varies	   therefore	   as	   well.	   Due	   to	   these	   observed	   differences	   between	   samples,	   the	   14C-­‐
based	   methods	   must	   be	   employed	   in	   a	   sample-­‐type	   specific	   way.	   Depending	   on	   the	  






















 Wood-­‐based	  materials	  investigated	  at	  CIO	  over	  the	  last	  years	  (as	  solid	  wood,	  flue	  gas	  
and	   raw	   SNG)	   showed	   14C	   values	   between	   110	   and	   130	   pMC.	   Studies	   by	   Mohn	   et	   al.	  
(2008)	  and	  Fellner	  and	  Rechberger	  (2009)	  about	  average	  14C	  values	  of	  waste-­‐materials	  and	  
wood-­‐based	  materials	   also	   showed	   this	   range	  of	   values.	   They	   calculated	  average	   values	  
for	  waste	  and	  wood-­‐based	  materials	  between	  113-­‐117	  pMC.	  This	  value	  was	  also	  found	  in	  
our	  biogas	  study	  for	  biogas	  from	  an	  old	  landfill	  site	  (section	  4.4.4).	  Waste	  and	  wood-­‐based	  
materials	  show	  systematic	  higher	  14C	  values	  than	  the	  14C	  values	  of	  current	  harvest	  years.	  
For	   these	   kinds	   of	   materials	   the	   14Cbio	   value	   should	   therefore	   not	   be	   based	   on	   current	  
atmospheric	   14C	   values,	   as	   errors	   in	   the	   biogenic	   carbon	   fraction	   can	   be	   up	   to	   +30%	   if	  
100%	   biomass	   materials	   are	   determined.	   If	   a	   biogenic	   carbon	   fraction	   of	   for	   example	  
110%	  is	  calculated	  this	  way,	  one	  cannot	  be	  sure	  that	  this	  material	  is	  100%	  biogenic,	  as	  this	  
biogenic	  carbon	  fraction	  can	   in	  principle	  be	  85%	  wood	  carbon	  with	  a	  14C	  value	  of	  130%,	  
mixed	  with	  15%	  of	  fossil	  carbon.	  Also,	  true	  biogenic	  carbon	  fractions	  of	  50%	  or	  10%	  will	  be	  
determined	   as	   58%	   and	   12%,	   respectively.	   Hence:	   sample	   materials	   will	   appear	   to	   be	  
containing	  more	   biogenic	   carbon	   than	   they	   actually	   do.	   The	   fraction	   of	   fossil	   carbon	   is	  
then	  underestimated.	  	  
	  
The	   use	   of	   representative	   14Cbio	   values	   in	  
14C-­‐based	   methods	   is	   thus	   essential	   for	  
reliable	   determination	   and	   verification	   of	   the	   biogenic	   carbon	   fraction.	   The	   studies	   by	  
Mohn	  et	   al.	   (2008)	   and	  by	   Fellner	   and	  Rechberger	   (2009)	   have	   given	   reliable	   14C	   values	  
and	   uncertainty	   ranges	   for	   waste	   and	   wood-­‐based	   materials	   that	   could	   be	   used	   as	  
reference	  14C	  value.	  The	  European	  standard	  for	  SRF/waste	  materials	  (CEN/TS	  15440)	  uses	  
an	  average	  14C	  value	  for	  waste	  that	  is	  relatively	  similar	  to	  the	  average	  value	  determined	  by	  
Mohn	   et	   al.	   (2008).	   Several	   other	   international	   standards	   however,	   which	   could	   in	  
principle	  be	  used	  for	  a	  wide	  variety	  of	  materials	  including	  wood-­‐based	  and	  mixed	  (waste)	  
materials	   (like	  ASTM	  6866,	   ISO	  13833	  and	  CEN/TS	  16640),	  use	  only	  one	   recent	  harvest-­‐
year	  14Cbio	  value.	   If	   those	  standards	  are	  used	  for	  these	  particular	  materials,	   the	  obtained	  
biogenic	  carbon	  fractions	  can	  deviate	  substantially	  from	  the	  true	  values.	  Standards	  using	  
recent	   harvest-­‐year	   14Cbio	   values	   only	   are	   not	   suitable	   for	   accurate	   biogenic	   carbon	  
fraction	  determination	  of	  waste	  and	  wood-­‐based	  materials.	  
The	  majority	   of	   the	   biomass	   from	   annual	   plants	   that	   is	   used	   in	   fuels	   and	   other	   bio-­‐
based	  materials	  were	  harvested	  less	  than	  10	  years	  ago,	  probably	  mostly	  even	  less	  than	  5	  
years	  ago.	  Errors	  in	  the	  biogenic	  carbon	  fraction	  are	  then	  maximal	  5%	  (for	  100%	  biogenic	  
carbon),	  and	  in	  general	  below	  2%,	  if	  a	  very	  recent	  harvest	  year	  is	  used	  as	  14Cbio	  value.	  
	  
For	  composite	  bio-­‐based	  materials	  (different	  bio-­‐based	  ingredients	  that	  were	  used	  in	  
the	   production	   of	   the	  material),	   other	   than	  waste,	   the	   (proportional)	   average	   14C	   value	  
can	  vary	   substantially	  as	  well.	   This	   can	   result	   in	  errors	   in	   the	  biogenic	   carbon	   fraction	   if	  
either	  the	  reference	  value	  for	  waste	  or	  a	  more	  recent	  harvest	  year	  value	  is	  used.	  The	  14Cbio	  
 
value	   for	   these	   kinds	   of	   materials	   depends	   on	   the	   overall	   14C	   value	   of	   each	   bio-­‐based	  
carbon	  fraction	  and	  the	  size	  of	   this	   fraction	   in	  the	  total	  bio-­‐based	  carbon	  fraction	   in	  the	  
sample.	  If	  for	  instance	  products	  are	  made	  from	  a	  mixture	  of	  wood	  and	  recent	  annual	  plant	  
materials,	  the	  range	  of	  possible	  14Cbio	  values	  is	  relatively	  large	  and	  depends	  mostly	  on	  the	  
sizes	  of	  the	  fractions	  of	  wood-­‐carbon	  and	  plant-­‐carbon	  in	  the	  material.	  For	  samples	  with	  
these	   kinds	   of	   bio-­‐based	   mixtures,	   a	   sample-­‐specific	   approximation	   of	   the	   14Cbio	   value,	  
using	   independent	   information	   about	   the	   used	   bio-­‐based	   ingredients,	   is	   essential	   to	  
minimize	  systematic	  errors	  in	  the	  calculated	  biogenic	  carbon	  fraction.	  
	  
5.3.5	  14C-­‐based	  biogenic	  carbon	  fraction	  	  
The	   previous	   sections	   demonstrated	   the	   different	   factors	   that	   affect	   the	   biogenic	  
carbon	   fraction	   and	   its	   representativeness	   for	   the	   carbon	   under	   investigation.	   The	  
described	  factors	  influence	  the	  reliability	  of	  the	  results	  and	  should	  therefore	  be	  taken	  into	  
account	   in	   the	   application	  of	   14C-­‐based	  method.	  As	   the	  biogenic	   carbon	   fraction	   can	  be	  
determined	  in	  a	  wide	  range	  of	  materials	  with	  different	  characteristics	  and	  features	  (solid,	  
liquid,	  gas;	  waste,	  defined	  products;	  wood-­‐based	  materials,	  annual	  plants),	  the	  influence	  
of	   the	  different	   factors	   and	   its	   impact	   on	   the	   final	   determined	  biogenic	   carbon	   fraction	  
varies	   therefore	   as	   well.	   Due	   to	   these	   observed	   differences	   between	   samples,	   the	   14C-­‐
based	   methods	   must	   be	   employed	   in	   a	   sample-­‐type	   specific	   way.	   Depending	   on	   the	  























 5.4	  Future	  use	  of	   14C-­‐based	  methods	   for	   fuels,	   flue	  gases	  and	  bio-­‐based	  
materials	  
	  
The	  production	  and	  use	  of	  biomass-­‐based	  materials	   is	   increasing	   for	  a	  wide	  range	  of	  
products.	  Besides	  using	  biomass	  as	  fuel,	  it	  is	  used	  to	  an	  increasing	  extent	  as	  an	  ingredient	  
in	   the	   production	   of	   for	   instance	   plastics	   and	   chemicals.	   A	   broad	   range	   of	   materials	  
claimed	  as	  “100%	  bio”	  or	  produced	  from	  mixtures	  of	  biogenic	  and	  fossil	  carbon	  molecules	  
is	   appearing	  on	   the	   consumer	  markets.	  Another	  development	   that	   is	   currently	   visible	   is	  
the	  increased	  use	  of	  waste	  materials	  as	  fuel	  (waste-­‐to-­‐energy	  plants)	  or	  as	  ingredient	  for	  
the	   production	   of	   new	   fuels	   (such	   as	   SNG	   production	   from	   waste:	   see	   reference	  
“Swindon”).	  	  
	  
14C-­‐based	  methods	   are	  mentioned	   in	   several	   regulations,	   such	   as	   a	   European	  Union	  
(EU)	   regulation	   in	   which	   a	   distinction	   is	   made	   between	   biogenic	   and	   fossil	   CO2	  
(2007/589/EC,	   2007)	   or	  Mandate	  M/475	   of	   the	   European	   Commission	   (development	   of	  
CEN	   standard	   to	   guarantee	   bio-­‐methane	   quality).	   In	   both	   cases	   14C-­‐based	  methods	   are	  
mentioned	   as	   possible	   test	   methods	   to	   determine	   biogenic	   carbon	   fractions.	   It	   is,	  
however,	  the	  question	  whether	  14C-­‐based	  methods	  will	  really	  be	  used	  for	  these	  purposes.	  
This	   depends	  mainly	   on	  who	   has	  what	   kind	   of	   (financial)	   interest	   to	   know	   the	   biogenic	  
carbon	  fraction.	  As	  long	  as	  suppliers	  of	  bio-­‐methane	  (such	  as	  farmers	  or	  gasifier	  plants)	  or	  
industrial	  plants	  with	  large	  CO2	  emissions	  (such	  as	  power	  plants)	  have	  already	  easier	  (and	  
cheaper)	  methods	  to	  calculate	  the	  biogenic	  carbon	  content	  of	  their	  output	  products	  based	  
on	  the	  information	  about	  their	  input	  materials,	  it	  is	  not	  likely	  that	  they	  will	  use	  14C-­‐based	  
methods.	  Only	  if	  the	  input	  material	  has	  an	  unknown	  and	  variable	  composition,	  like	  waste	  
materials	  from	  mixed	  fossil	  and	  biogenic	  origin,	  some	  producers	  of	  gas	  or	  CO2	  emissions,	  
might	  be	   interested	   in	   specific	   determination	  methods,	   like	   the	   14C-­‐based	  methods.	  But	  
this	   is	  probably	  only	  going	  to	  be	  the	  case	   if	  knowing	  the	  biogenic	  carbon	  composition	   is	  
financially	   beneficial.	   In	   the	   EU	  Emissions	   Trading	   System	   for	   instance,	   current	   emission	  
prices	  for	  fossil	  CO2	  emissions	  are	  very	  low,	  which	  does	  in	  the	  first	  place	  not	  enhance	  the	  
use	  of	   alternatives	   for	   fossil	   fuels	   and	   secondly	  makes	   knowing	   the	   amount	   of	   biogenic	  
CO2	  emissions	  (as	  these	  have	  no	  CO2	  emissions	  costs)	  less	  needed.	  	  
As	   14C-­‐based	  methods	  can	  be	  used	  to	   independently	  verify	   reported	  biogenic	  carbon	  
fractions	  of	  fuels,	  flue	  gases	  and	  bio-­‐based	  products	  (fraud	  investigation),	  authorities	  are	  
potential	   users	   of	   these	   methods.	   Because	   verification	   procedures	   are	   very	   costly	   this	  
application	  of	  14C-­‐based	  methods	   is	  probably	  only	  of	   interest	   if	  the	  financial	  benefits	  are	  
larger	  than	  the	  costs	  to	  verify	  products	  and	  emissions.	  So	  far,	  the	  CIO	  laboratory	  has	  never	  
received	   samples	   for	   bio/fossil	   carbon	   verification	   by	   authorities	   (except	   for	   cases	  
concerning	  ingredients	  for	  food).	  
	  
 
The	  main	   and	   increasing	   interest	   in	   using	   14C-­‐based	  methods	   to	   determine	   biogenic	  
carbon	   fractions	   comes	   currently	   from	   (industrial)	   companies	   using	   biomass-­‐based	  
materials	   in	   the	   manufacturing	   of	   their	   products.	   If	   in	   production	   processes	   the	  
biogenic/fossil	   carbon	   composition	   of	   the	   different	   ingredients	   is	   not	   known,	   or	   if	   bio-­‐
fossil	  partitioning	  might	  occur	  during	  the	  process,	  then	  the	  biogenic	  carbon	  fraction	  of	  the	  
end	  product	  is	  unknown	  as	  well.	  14C-­‐based	  methods	  can	  then	  be	  very	  beneficial	  in	  giving	  
insight	   in	   the	   composition	  of	   separate	   carbon	   input	  and	  output	   flows	  of	   the	  production	  
process.	  Also,	  an	  independent	  determination	  of	  the	  biogenic	  carbon	  fraction	  of	  the	  output	  
material	  gives	  the	  opportunity	  to	  verify	  claims	  of	  “100%	  bio”	  and	  certify	  to	  customers	  the	  
biogenic	   character	   of	   certain	   products	   (some	   customers	   base	   their	   decision	   to	   buy	   a	  
certain	  product	  on	  this	  biogenic	  aspect).	  	  
Current	   international	   standards	   for	   measurement	   of	   biogenic	   carbon	   fractions	   in	  
specific	   sample	   materials	   try	   to	   facilitate	   producers	   with	   relatively	   simple	   and	  
straightforward	   14C-­‐based	   methods.	   But,	   as	   already	   discussed	   in	   section	   5.2,	   it	   is	   the	  
question	  whether	  these	  standardized	  methods	  are	  in	  all	  cases	  accurate	  enough	  to	  certify	  
and	   verify	   products.	   Especially	   for	   products	   with	   mixtures	   of	   different	   biogenic	   carbon	  
sources,	   and	   also	   for	   unknown	  material	  mixtures,	   it	   can	  be	  quite	  difficult	   to	   achieve	   an	  
accurate	   result,	   if	   no	   additional	   information	   and	   knowledge	   about	   the	   origin	   of	   the	  
material	  and	  its	  ingredients	  are	  used.	  	  
	  
14C-­‐based	  methods	  are	  not	  easy	   to	   standardize,	  by	  using	   just	  one	  measurement	  and	  
calculation	  procedure.	  Which	  procedure	  or	   exact	  method,	   should	  be	  used	   to	   accurately	  
determine	  the	  biogenic	  carbon	  fraction	  of	  the	  carbon	  of	  interest,	  depends	  on	  the	  sample	  
material	   under	   investigation.	   As	   discussed	   in	   section	   5.3,	   several	   sample	   dependent	  
factors	  can	  affect	  the	  final	  result	  and	  thus	  affect	  the	  final	  interpretations	  and	  conclusions.	  
Very	  often,	  14C	  measurements	  of	  the	  sample	  materials	  alone	  do	  provide	  a	  good	  indication	  
of	  the	  biogenic	  carbon	  fraction,	  but	  not	  more	  than	  that.	  To	  give	  a	  really	  accurate	  answer	  
to	   the	   question:	   “What	   is	   the	   biogenic	   carbon	   fraction	   in	   this	   particular	   material?”	  
additional	   measurements	   and	   information	   about	   carbon	   components	   in	   the	   sample	  
materials	  or	  in	  the	  production	  process	  are	  an	  essential	  part	  of	  the	  14C	  method.	  
	  
The	   unsurpassed	   quality	   of	   14C-­‐based	   methods	   for	   biogenic	   carbon	   fraction	  
measurements	   is	   unnecessarily	   deteriorated,	   if	   ‘standardized’	   methods	   are	   used	   that	  
apply	   14C-­‐based	   methods	   in	   their	   most	   straightforward	   mode	   without	   mentioning	   the	  
possible	  systematic	  uncertainty	  ranges	  of	  the	  final	  result	  and	  without	  mentioning	  how	  this	  
uncertainty	  ranges	  could	  be	  improved	  (decreased)	  with	  additional	  measurements	  and/or	  




 5.4	  Future	  use	  of	   14C-­‐based	  methods	   for	   fuels,	   flue	  gases	  and	  bio-­‐based	  
materials	  
	  
The	  production	  and	  use	  of	  biomass-­‐based	  materials	   is	   increasing	   for	  a	  wide	  range	  of	  
products.	  Besides	  using	  biomass	  as	  fuel,	  it	  is	  used	  to	  an	  increasing	  extent	  as	  an	  ingredient	  
in	   the	   production	   of	   for	   instance	   plastics	   and	   chemicals.	   A	   broad	   range	   of	   materials	  
claimed	  as	  “100%	  bio”	  or	  produced	  from	  mixtures	  of	  biogenic	  and	  fossil	  carbon	  molecules	  
is	   appearing	  on	   the	   consumer	  markets.	  Another	  development	   that	   is	   currently	   visible	   is	  
the	  increased	  use	  of	  waste	  materials	  as	  fuel	  (waste-­‐to-­‐energy	  plants)	  or	  as	  ingredient	  for	  
the	   production	   of	   new	   fuels	   (such	   as	   SNG	   production	   from	   waste:	   see	   reference	  
“Swindon”).	  	  
	  
14C-­‐based	  methods	   are	  mentioned	   in	   several	   regulations,	   such	   as	   a	   European	  Union	  
(EU)	   regulation	   in	   which	   a	   distinction	   is	   made	   between	   biogenic	   and	   fossil	   CO2	  
(2007/589/EC,	   2007)	   or	  Mandate	  M/475	   of	   the	   European	   Commission	   (development	   of	  
CEN	   standard	   to	   guarantee	   bio-­‐methane	   quality).	   In	   both	   cases	   14C-­‐based	  methods	   are	  
mentioned	   as	   possible	   test	   methods	   to	   determine	   biogenic	   carbon	   fractions.	   It	   is,	  
however,	  the	  question	  whether	  14C-­‐based	  methods	  will	  really	  be	  used	  for	  these	  purposes.	  
This	   depends	  mainly	   on	  who	   has	  what	   kind	   of	   (financial)	   interest	   to	   know	   the	   biogenic	  
carbon	  fraction.	  As	  long	  as	  suppliers	  of	  bio-­‐methane	  (such	  as	  farmers	  or	  gasifier	  plants)	  or	  
industrial	  plants	  with	  large	  CO2	  emissions	  (such	  as	  power	  plants)	  have	  already	  easier	  (and	  
cheaper)	  methods	  to	  calculate	  the	  biogenic	  carbon	  content	  of	  their	  output	  products	  based	  
on	  the	  information	  about	  their	  input	  materials,	  it	  is	  not	  likely	  that	  they	  will	  use	  14C-­‐based	  
methods.	  Only	  if	  the	  input	  material	  has	  an	  unknown	  and	  variable	  composition,	  like	  waste	  
materials	  from	  mixed	  fossil	  and	  biogenic	  origin,	  some	  producers	  of	  gas	  or	  CO2	  emissions,	  
might	  be	   interested	   in	   specific	   determination	  methods,	   like	   the	   14C-­‐based	  methods.	  But	  
this	   is	  probably	  only	  going	  to	  be	  the	  case	   if	  knowing	  the	  biogenic	  carbon	  composition	   is	  
financially	   beneficial.	   In	   the	   EU	  Emissions	   Trading	   System	   for	   instance,	   current	   emission	  
prices	  for	  fossil	  CO2	  emissions	  are	  very	  low,	  which	  does	  in	  the	  first	  place	  not	  enhance	  the	  
use	  of	   alternatives	   for	   fossil	   fuels	   and	   secondly	  makes	   knowing	   the	   amount	   of	   biogenic	  
CO2	  emissions	  (as	  these	  have	  no	  CO2	  emissions	  costs)	  less	  needed.	  	  
As	   14C-­‐based	  methods	  can	  be	  used	  to	   independently	  verify	   reported	  biogenic	  carbon	  
fractions	  of	  fuels,	  flue	  gases	  and	  bio-­‐based	  products	  (fraud	  investigation),	  authorities	  are	  
potential	   users	   of	   these	   methods.	   Because	   verification	   procedures	   are	   very	   costly	   this	  
application	  of	  14C-­‐based	  methods	   is	  probably	  only	  of	   interest	   if	  the	  financial	  benefits	  are	  
larger	  than	  the	  costs	  to	  verify	  products	  and	  emissions.	  So	  far,	  the	  CIO	  laboratory	  has	  never	  
received	   samples	   for	   bio/fossil	   carbon	   verification	   by	   authorities	   (except	   for	   cases	  
concerning	  ingredients	  for	  food).	  
	  
 
The	  main	   and	   increasing	   interest	   in	   using	   14C-­‐based	  methods	   to	   determine	   biogenic	  
carbon	   fractions	   comes	   currently	   from	   (industrial)	   companies	   using	   biomass-­‐based	  
materials	   in	   the	   manufacturing	   of	   their	   products.	   If	   in	   production	   processes	   the	  
biogenic/fossil	   carbon	   composition	   of	   the	   different	   ingredients	   is	   not	   known,	   or	   if	   bio-­‐
fossil	  partitioning	  might	  occur	  during	  the	  process,	  then	  the	  biogenic	  carbon	  fraction	  of	  the	  
end	  product	  is	  unknown	  as	  well.	  14C-­‐based	  methods	  can	  then	  be	  very	  beneficial	  in	  giving	  
insight	   in	   the	   composition	  of	   separate	   carbon	   input	  and	  output	   flows	  of	   the	  production	  
process.	  Also,	  an	  independent	  determination	  of	  the	  biogenic	  carbon	  fraction	  of	  the	  output	  
material	  gives	  the	  opportunity	  to	  verify	  claims	  of	  “100%	  bio”	  and	  certify	  to	  customers	  the	  
biogenic	   character	   of	   certain	   products	   (some	   customers	   base	   their	   decision	   to	   buy	   a	  
certain	  product	  on	  this	  biogenic	  aspect).	  	  
Current	   international	   standards	   for	   measurement	   of	   biogenic	   carbon	   fractions	   in	  
specific	   sample	   materials	   try	   to	   facilitate	   producers	   with	   relatively	   simple	   and	  
straightforward	   14C-­‐based	   methods.	   But,	   as	   already	   discussed	   in	   section	   5.2,	   it	   is	   the	  
question	  whether	  these	  standardized	  methods	  are	  in	  all	  cases	  accurate	  enough	  to	  certify	  
and	   verify	   products.	   Especially	   for	   products	   with	   mixtures	   of	   different	   biogenic	   carbon	  
sources,	   and	   also	   for	   unknown	  material	  mixtures,	   it	   can	  be	  quite	  difficult	   to	   achieve	   an	  
accurate	   result,	   if	   no	   additional	   information	   and	   knowledge	   about	   the	   origin	   of	   the	  
material	  and	  its	  ingredients	  are	  used.	  	  
	  
14C-­‐based	  methods	  are	  not	  easy	   to	   standardize,	  by	  using	   just	  one	  measurement	  and	  
calculation	  procedure.	  Which	  procedure	  or	   exact	  method,	   should	  be	  used	   to	   accurately	  
determine	  the	  biogenic	  carbon	  fraction	  of	  the	  carbon	  of	  interest,	  depends	  on	  the	  sample	  
material	   under	   investigation.	   As	   discussed	   in	   section	   5.3,	   several	   sample	   dependent	  
factors	  can	  affect	  the	  final	  result	  and	  thus	  affect	  the	  final	  interpretations	  and	  conclusions.	  
Very	  often,	  14C	  measurements	  of	  the	  sample	  materials	  alone	  do	  provide	  a	  good	  indication	  
of	  the	  biogenic	  carbon	  fraction,	  but	  not	  more	  than	  that.	  To	  give	  a	  really	  accurate	  answer	  
to	   the	   question:	   “What	   is	   the	   biogenic	   carbon	   fraction	   in	   this	   particular	   material?”	  
additional	   measurements	   and	   information	   about	   carbon	   components	   in	   the	   sample	  
materials	  or	  in	  the	  production	  process	  are	  an	  essential	  part	  of	  the	  14C	  method.	  
	  
The	   unsurpassed	   quality	   of	   14C-­‐based	   methods	   for	   biogenic	   carbon	   fraction	  
measurements	   is	   unnecessarily	   deteriorated,	   if	   ‘standardized’	   methods	   are	   used	   that	  
apply	   14C-­‐based	   methods	   in	   their	   most	   straightforward	   mode	   without	   mentioning	   the	  
possible	  systematic	  uncertainty	  ranges	  of	  the	  final	  result	  and	  without	  mentioning	  how	  this	  
uncertainty	  ranges	  could	  be	  improved	  (decreased)	  with	  additional	  measurements	  and/or	  





 Instead,	  for	  standards	  in	  which	  a	  14C-­‐based	  method	  is	  used	  for	  biogenic	  carbon	  fraction	  
measurement,	   it	   is	   recommended	   to	   describe	   a	   procedure	   in	   which	   the	   following	  
information	  will	  always	  be	  provided	  to	  the	  user	  of	  the	  method:	  1)	  the	  quality	  of	  the	  data	  
(uncertainty	   ranges),	   2)	   how	   this	   quality	   can	   be	   related	   to	   the	   applied	   determination	  
method	   (what	   factors	  have	   influenced	   the	  given	  uncertainty	   range)	  and	  3)	   the	  available	  
option,	  beyond	  the	  scope	  of	   the	  standard,	   to	   further	   improve	  or	  optimize	  the	  results	  by	  
sample-­‐specific	  method	  approaches.	   14C-­‐based	  methods	   can	  only	  be	  used	   in	   an	  optimal	  
































5.5	   Future	   research	   of	   14C-­‐based	   methods	   to	   distinguish	   biogenic	   and	  
fossil	  carbon	  sources	  	  
	  
Over	  the	  last	  ten	  years	  many	  research	  studies	  were	  performed	  to	  show	  the	  use	  of	  14C-­‐
based	  methods	  for	  biogenic	  carbon	  fraction	  measurement	  of	  different	  sample	  materials.	  
Beside	   the	   studies	   as	   mentioned	   in	   the	   previous	   chapters	   in	   which	   14C-­‐based	  methods	  
were	  investigated	  for	  different	  kinds	  of	  fuels	  and	  flue-­‐gases,	  other	  studies	  focused	  on	  the	  
use	  of	  14C-­‐based	  methods	  for	  several	  bio-­‐based	  products	  (Norton	  et	  al.	  2007;	  Funabashi,	  
2009;	   Kunioka,	   2010;	   Quarta,	   2013).	   Most	   of	   the	   aspects	   that	   influence	   the	   14C-­‐based	  
results	  have	  already	  been	  identified	  and	  described	  in	  papers.	  It	  is,	  however,	  likely	  that	  in	  
the	  coming	  years	  several	  studies	  will	  investigate	  the	  applicability	  of	  14C-­‐based	  methods	  for	  
new	   types	   of	  materials	   and/or	   production	   processes.	  Other	   research	   topics	   that	   can	   be	  
expected	  are	  more	  detailed	   investigations	  of	  specific	  aspects	  that	   influence	  the	  biogenic	  
carbon	   fraction	   results.	   To	   investigate	   for	   instance	   the	   variability	   in	   results	   between	  
different	  materials	  or	  between	  samples	  of	  the	  same	  material	  (validation	  research).	  
	  
So	  far,	  the	  output	  of	  all	  these	  studies	  is	  only	  partly	  used	  in	  the	  international	  standards.	  
This	  is	  probably	  because	  suggested	  new	  approaches	  based	  on	  the	  results	  from	  the	  several	  
studies,	  make	  the	  standardized	  procedures	   in	  general	   less	  straightforward	  and	  ask	  more	  
knowledge	  and	  expertise	  from	  the	  users	  of	  the	  standard.	   It	   is	  difficult	   to	   implement	  this	  
knowledge	  in	  these	  standards.	  	  
This	  is	  a	  challenging	  part	  for	  researchers	  in	  this	  field	  as,	  due	  to	  the	  standards	  and	  the	  
preference	   of	   industrial	   companies	   for	   working	   with	   accredited	   (‘standardized’)	  
laboratories,	   the	  connection	  between	   (academic)	   research	   laboratories	  and	   the	  users	  of	  
14C-­‐based	  data	   is	  not	  always	  a	  direct	   link	  and	  knowledge	  of	   the	   researchers	   is	   therefore	  
not	  easily	  shared	  with	  these	  users.	  Following	  the	  recommendation	  described	  at	  the	  end	  of	  
section	   5.4	   could	   be	   a	   first	   step	   to	   share	  more	   scientific	   information	  with	   the	   users	   of	  
standards:	   information	  about	   the	  quality	  of	   the	  method	  results	  and	  about	   the	  option	   to	  
improve	  the	  accuracy	  if	  desired	  with	  sample	  specific	  approaches.	  	  	  
Only	   if	   there	   is	   direct	   contact	   between	   customers	   of	   a	   14C-­‐based	   method	   and	   a	  
research	   laboratory	   with	   knowledge	   about	   all	   features	   of	   this	   specific	   method,	   it	   is	  
possible	  to	  follow	  a	  specific	  procedure	  with	  the	  aim	  to	  obtain	  results	  that	  are	  optimized	  
for	   the	   sample	   material	   under	   investigation.	   This	   is	   the	   strength	   of	   academic	   research	  
laboratories,	  as	   these	  are	   familiar	  with	   investigating	  on	  an	  experimental	   foundation	  and	  
not	   following	   standardized	   procedures	   only.	   However,	   thorough	   research	  will	   be	   costly	  
and	  time	  consuming.	  Therefore,	  it	  is	  expected	  that	  sample-­‐specific	  approaches	  that	  can	  be	  
performed	  very	  well	  by	  academic	  research	  groups,	  are	  most	  likely	  to	  be	  used	  in	  research	  
projects	   of	   customers:	   when	   new	   products	   or	   production	   set-­‐ups	   are	   investigated	   and	  
tested.	   And	   it	   is	   also	   likely	   that	   for	   more	   regular	   tests	   of	   products,	   the	   international	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 Instead,	  for	  standards	  in	  which	  a	  14C-­‐based	  method	  is	  used	  for	  biogenic	  carbon	  fraction	  
measurement,	   it	   is	   recommended	   to	   describe	   a	   procedure	   in	   which	   the	   following	  
information	  will	  always	  be	  provided	  to	  the	  user	  of	  the	  method:	  1)	  the	  quality	  of	  the	  data	  
(uncertainty	   ranges),	   2)	   how	   this	   quality	   can	   be	   related	   to	   the	   applied	   determination	  
method	   (what	   factors	  have	   influenced	   the	  given	  uncertainty	   range)	  and	  3)	   the	  available	  
option,	  beyond	  the	  scope	  of	   the	  standard,	   to	   further	   improve	  or	  optimize	  the	  results	  by	  
sample-­‐specific	  method	  approaches.	   14C-­‐based	  methods	   can	  only	  be	  used	   in	   an	  optimal	  
































5.5	   Future	   research	   of	   14C-­‐based	   methods	   to	   distinguish	   biogenic	   and	  
fossil	  carbon	  sources	  	  
	  
Over	  the	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  many	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  to	  show	  the	  use	  of	  14C-­‐
based	  methods	  for	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  fraction	  measurement	  of	  different	  sample	  materials.	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  on	  the	  
use	  of	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  methods	  for	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  (Norton	  et	  al.	  2007;	  Funabashi,	  
2009;	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   2013).	   Most	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   aspects	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   influence	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results	  have	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  described	  in	  papers.	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  is,	  however,	  likely	  that	  in	  
the	  coming	  years	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  applicability	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  methods	  for	  
new	   types	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   and/or	   production	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  Other	   research	   topics	   that	   can	   be	  
expected	  are	  more	  detailed	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  specific	  aspects	  that	   influence	  the	  biogenic	  
carbon	   fraction	   results.	   To	   investigate	   for	   instance	   the	   variability	   in	   results	   between	  
different	  materials	  or	  between	  samples	  of	  the	  same	  material	  (validation	  research).	  
	  
So	  far,	  the	  output	  of	  all	  these	  studies	  is	  only	  partly	  used	  in	  the	  international	  standards.	  
This	  is	  probably	  because	  suggested	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  approaches	  based	  on	  the	  results	  from	  the	  several	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  make	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  procedures	   in	  general	   less	  straightforward	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  ask	  more	  
knowledge	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  from	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  users	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   It	   is	  difficult	   to	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  this	  
knowledge	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  in	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  and	  the	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   companies	   for	   working	   with	   accredited	   (‘standardized’)	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   the	  connection	  between	   (academic)	   research	   laboratories	  and	   the	  users	  of	  
14C-­‐based	  data	   is	  not	  always	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  direct	   link	  and	  knowledge	  of	   the	   researchers	   is	   therefore	  
not	  easily	  shared	  with	  these	  users.	  Following	  the	  recommendation	  described	  at	  the	  end	  of	  
section	   5.4	   could	   be	   a	   first	   step	   to	   share	  more	   scientific	   information	  with	   the	   users	   of	  
standards:	   information	  about	   the	  quality	  of	   the	  method	  results	  and	  about	   the	  option	   to	  
improve	  the	  accuracy	  if	  desired	  with	  sample	  specific	  approaches.	  	  	  
Only	   if	   there	   is	   direct	   contact	   between	   customers	   of	   a	   14C-­‐based	   method	   and	   a	  
research	   laboratory	   with	   knowledge	   about	   all	   features	   of	   this	   specific	   method,	   it	   is	  
possible	  to	  follow	  a	  specific	  procedure	  with	  the	  aim	  to	  obtain	  results	  that	  are	  optimized	  
for	   the	   sample	   material	   under	   investigation.	   This	   is	   the	   strength	   of	   academic	   research	  
laboratories,	  as	   these	  are	   familiar	  with	   investigating	  on	  an	  experimental	   foundation	  and	  
not	   following	   standardized	   procedures	   only.	   However,	   thorough	   research	  will	   be	   costly	  
and	  time	  consuming.	  Therefore,	  it	  is	  expected	  that	  sample-­‐specific	  approaches	  that	  can	  be	  
performed	  very	  well	  by	  academic	  research	  groups,	  are	  most	  likely	  to	  be	  used	  in	  research	  
projects	   of	   customers:	   when	   new	   products	   or	   production	   set-­‐ups	   are	   investigated	   and	  




 standards	  and	  commercial	  laboratories	  will	  be	  used	  for	  quick	  and	  low-­‐cost	  results.	  These	  
results	  will	  be	  less	  accurate,	  but	  good	  enough	  for	  their	  purpose.	  	  
For	  future	  research	  of	  14C-­‐based	  methods,	  the	  challenge	  for	  the	  experienced	  research	  
groups	   is	   to	   get	   into,	   and	   stay	   in	   contact	   with	   new	   users:	   producers	   of	   new	   bio-­‐based	  











































2003/87/EC.	  2003.	  Establishing	  a	  scheme	  for	  greenhouse	  gas	  emission	  allowance	  trading	  
within	   the	   Community	   and	   Amending	   Council	   Directive	   96/61/EC,	   Directive	   of	   the	  
European	  Parliament	  and	  of	  the	  Council,	  Official	  Journal	  of	  the	  European	  Union,	  L275,	  
25.10.2003,	  p	  32-­‐46.	  
2007/589/EC,	  2007.	  Commission	  Decision	  of	  18	   July	  2007	  establishing	  guidelines	   for	   the	  
monitoring	   and	   reporting	   of	   greenhouse	   gas	   emissions	   pursuant	   to	   Directive	  
2003/87/EC	   of	   the	   European	   Parliament	   and	   of	   the	   Council,	   Official	   Journal	   of	   the	  
European	  Union,	  L229,	  31.8.2007,	  pp	  1-­‐85.	  	  
2009/28/EC,	   2009.	   Directive	   of	   the	   European	   Parliament	   and	   of	   the	   Council	   of	   23	   April	  
2009	  on	   the	  promotion	  of	   the	  use	  of	  energy	   from	  renewable	   sources	  and	  amending	  
and	  subsequently	  repealing	  Directives	  2001/77/EC	  and	  2003/30/EC,	  Official	  Journal	  of	  
the	  European	  Union,	  L140,	  5.6.2009,	  pp	  39-­‐85.	  
2009/29/EC,	   2009.	   Directive	   of	   the	   European	   Parliament	   and	   of	   the	   Council	   of	   23	   April	  
2009	  amending	  Directive	  2003/87/EC	  so	  as	  to	  improve	  and	  extend	  the	  greenhouse	  gas	  
emission	  allowance	  trading	  scheme	  of	  the	  Community,	  Official	  Journal	  of	  the	  European	  
Union,	  L140,	  5.6.2009,	  pp.	  63-­‐87.	  
2011/540/EC,	   2011.	   Commission	   Decision	   of	   18	   August	   2011	   on	   amending	   Decision	  
2007/589/EC	   as	   regards	   the	   inclusion	   of	   monitoring	   and	   reporting	   guidelines	   for	  
greenhouse	   gas	   emissions	   from	   new	   activities	   and	   gases,	   Official	   Journal	   of	   the	  
European	  Union,	  L244,	  21.09.2011,	  pp.	  1-­‐34.	  	  
ASTM	   2008.	   ASTM	   D6866-­‐08,	   Standard	   Test	   Methods	   for	   Determining	   the	   Biobased	  
Content	   of	   Solid,	   Liquid,	   and	   Gaseous	   Samples	   Using	   Radiocarbon	   Analysis,	   ASTM	  
International,	  West	  Conshohocken,	  United	  States,	  p.	  15.	  
ASTM	   2012.	   ASTM	   D6866-­‐12.	   Standard	   test	   methods	   for	   determining	   the	   biobased	  
content	  of	   solid,	   liquid	  and	  gaseous	  using	   radiocarbon	  analysis.	  ASTM	   International,	  
West	  Conshohocken,	  Pennsylvania,	  USA.	  
Aerts-­‐Bijma,	   A.Th.,	   Meijer	   H.A.J.,	   and	   van	   der	   Plicht,	   J.,	   1997.	   AMS	   sample	   handling	   in	  
Groningen.	  Nucl.	  Instr.	  and	  Meth,	  Ser.	  B,	  123,	  221-­‐225.	  
Aerts-­‐Bijma,	   A.T.,	   van	   der	   Plicht	   J.,	   and	   Meijer,	   H.A.J.,	   2001.	   Automatic	   AMS	   sample	  
combustion	  and	  CO2	  collection.	  Radiocarbon,	  43(2A),	  293-­‐298.	  
Chapter 5
130
 standards	  and	  commercial	  laboratories	  will	  be	  used	  for	  quick	  and	  low-­‐cost	  results.	  These	  
results	  will	  be	  less	  accurate,	  but	  good	  enough	  for	  their	  purpose.	  	  
For	  future	  research	  of	  14C-­‐based	  methods,	  the	  challenge	  for	  the	  experienced	  research	  
groups	   is	   to	   get	   into,	   and	   stay	   in	   contact	   with	   new	   users:	   producers	   of	   new	   bio-­‐based	  











































2003/87/EC.	  2003.	  Establishing	  a	  scheme	  for	  greenhouse	  gas	  emission	  allowance	  trading	  
within	   the	   Community	   and	   Amending	   Council	   Directive	   96/61/EC,	   Directive	   of	   the	  
European	  Parliament	  and	  of	  the	  Council,	  Official	  Journal	  of	  the	  European	  Union,	  L275,	  
25.10.2003,	  p	  32-­‐46.	  
2007/589/EC,	  2007.	  Commission	  Decision	  of	  18	   July	  2007	  establishing	  guidelines	   for	   the	  
monitoring	   and	   reporting	   of	   greenhouse	   gas	   emissions	   pursuant	   to	   Directive	  
2003/87/EC	   of	   the	   European	   Parliament	   and	   of	   the	   Council,	   Official	   Journal	   of	   the	  
European	  Union,	  L229,	  31.8.2007,	  pp	  1-­‐85.	  	  
2009/28/EC,	   2009.	   Directive	   of	   the	   European	   Parliament	   and	   of	   the	   Council	   of	   23	   April	  
2009	  on	   the	  promotion	  of	   the	  use	  of	  energy	   from	  renewable	   sources	  and	  amending	  
and	  subsequently	  repealing	  Directives	  2001/77/EC	  and	  2003/30/EC,	  Official	  Journal	  of	  
the	  European	  Union,	  L140,	  5.6.2009,	  pp	  39-­‐85.	  
2009/29/EC,	   2009.	   Directive	   of	   the	   European	   Parliament	   and	   of	   the	   Council	   of	   23	   April	  
2009	  amending	  Directive	  2003/87/EC	  so	  as	  to	  improve	  and	  extend	  the	  greenhouse	  gas	  
emission	  allowance	  trading	  scheme	  of	  the	  Community,	  Official	  Journal	  of	  the	  European	  
Union,	  L140,	  5.6.2009,	  pp.	  63-­‐87.	  
2011/540/EC,	   2011.	   Commission	   Decision	   of	   18	   August	   2011	   on	   amending	   Decision	  
2007/589/EC	   as	   regards	   the	   inclusion	   of	   monitoring	   and	   reporting	   guidelines	   for	  
greenhouse	   gas	   emissions	   from	   new	   activities	   and	   gases,	   Official	   Journal	   of	   the	  
European	  Union,	  L244,	  21.09.2011,	  pp.	  1-­‐34.	  	  
ASTM	   2008.	   ASTM	   D6866-­‐08,	   Standard	   Test	   Methods	   for	   Determining	   the	   Biobased	  
Content	   of	   Solid,	   Liquid,	   and	   Gaseous	   Samples	   Using	   Radiocarbon	   Analysis,	   ASTM	  
International,	  West	  Conshohocken,	  United	  States,	  p.	  15.	  
ASTM	   2012.	   ASTM	   D6866-­‐12.	   Standard	   test	   methods	   for	   determining	   the	   biobased	  
content	  of	   solid,	   liquid	  and	  gaseous	  using	   radiocarbon	  analysis.	  ASTM	   International,	  
West	  Conshohocken,	  Pennsylvania,	  USA.	  
Aerts-­‐Bijma,	   A.Th.,	   Meijer	   H.A.J.,	   and	   van	   der	   Plicht,	   J.,	   1997.	   AMS	   sample	   handling	   in	  
Groningen.	  Nucl.	  Instr.	  and	  Meth,	  Ser.	  B,	  123,	  221-­‐225.	  
Aerts-­‐Bijma,	   A.T.,	   van	   der	   Plicht	   J.,	   and	   Meijer,	   H.A.J.,	   2001.	   Automatic	   AMS	   sample	  
combustion	  and	  CO2	  collection.	  Radiocarbon,	  43(2A),	  293-­‐298.	  
131
 Arnold,	   J.R.,	   Libby,	  W.F.,	   1949.	  Age	  determinations	  by	   radiocarbon	  content;	   checks	  with	  
samples	  of	  known	  age.	  Science,	  110	  (2869),	  678-­‐680.	  
Bergamaschi,	   P.,	   Lubina,	   C.,	   Königstedt,	   R.,	   Fisher,	   H.,	   1998.	   Stable	   isotopic	   signatures	  
(δ13C,	  δD)	  of	  methane	  from	  European	   landfill	   sites,	   Journal	  of	  Geophysical	  Research,	  
103(D7),	  8251-­‐8265.	  
Cabral,	   A.R.,	   Capanema,	   M.A.,	   Gebert,	   J.,	   Moreira,	   J.F.,	   Jugnia,	   L.B.,	   2010.	   Quantifying	  
microbial	  methane	  oxidation	  efficiencies	  in	  two	  experimental	  landfill	  biocovers	  using	  
stable	  isotopes,	  Water,	  Air,	  &	  Soil	  Pollution,	  209(1-­‐4),	  157-­‐172.	  
Calcagnile,	  L.,	  Quarta,	  G.,	  Ciceri,	  G.,	  Martinotti,	  V.,	  2011.	  Radiocarbon	  AMS	  determination	  
of	   the	   biogenic	   component	   in	   CO2	   emitted	   from	   waste	   incineration.	   Nuclear	  
Instruments	  and	  Methods	  in	  Physics	  Research	  B,	  269,	  3158-­‐3162.	  
CEN,	   2011.	   TS	   15440:2011.	   Solid	   recovered	   fuels.	   Methods	   for	   the	   determination	   of	  
biomass	  content.	  European	  Committee	  for	  Standardization	  CEN,	  Brussels,	  Belgium.	  
CEN,	   2014.	   TS	   16640:2014.	   Bio-­‐based	   products.	   Determination	   of	   the	   bio	   based	   carbon	  
content	   of	   products	   using	   the	   radiocarbon	   method.	   European	   Committee	   for	  
Standardization	  CEN,	  Brussels,	  Belgium.	  
Ciais,	   P.,	   C.	   Sabine,	   G.	   Bala,	   L.	   Bopp,	   V.	   Brovkin,	   J.	   Canadell,	   A.	   Chhabra,	   R.	   DeFries,	   J.	  
Galloway,	  M.	  Heimann,	  C.	   Jones,	  C.	   Le	  Quéré,	  R.B.	  Myneni,	   S.	   Piao	  and	  P.	   Thornton,	  
2013:	  Carbon	  and	  Other	  Biogeochemical	  Cycles.	  In:	  Climate	  Change	  2013:	  The	  Physical	  
Science	  Basis.	  Contribution	  of	  Working	  Group	  I	  to	  the	  Fifth	  Assessment	  Report	  of	  the	  
Intergovernmental	   Panel	   on	  Climate	  Change	   [Stocker,	   T.F.,	  D.	  Qin,	  G.-­‐K.	   Plattner,	  M.	  
Tignor,	   S.K.	   Allen,	   J.	   Boschung,	   A.	   Nauels,	   Y.	   Xia,	   V.	   Bex	   and	   P.M.	   Midgley	   (eds.)].	  
Cambridge	  University	  Press,	  Cambridge,	  United	  Kingdom	  and	  New	  York,	  NY,	  USA.	  	  
http://www.ipcc.ch/pdf/assessment-­‐report/ar5/wg1/WG1AR5_Chapter06_FINAL.pdf	  
(last	  assessed	  16	  July	  2015)	  	  
Clayton,	   D.,	   Arnold,	   J.R.,	   and	   Patty,	   F.A.,	   1955.	   Determination	   of	   sources	   of	   particulate	  
atmospheric	  carbon,	  Science,	  122(3173),	  751-­‐753.	  
Conrad,	   R.,	   2005.	   Quantification	   of	   methanogenic	   pathways	   using	   stable	   isotopic	  
signatures:	  a	  review	  and	  a	  proposal,	  Organic	  Geochemistry,	  36,	  739-­‐752.	  
Currie,	   L.A.,	   Klouda	   G.A.,	   Klinedinst,	   D.B.,	   Sheffield	   A.E.,	   Jull,	   A.J.T.,	   Donahue,	   D.J.,	   and	  
Connolly,	  M.V.	  1994.	  Fossil-­‐	  and	  bio-­‐mass	  combustion:	  C-­‐14	  for	  source	   identification,	  
chemical	  tracer	  development,	  and	  model	  validation,	  Nucl.	  Instr.	  and	  Meth.,	  92(B),	  404-­‐
409.	  
de	  Rooij,	  M.,	  van	  der	  Plicht,	  J.,	  Meijer,	  H.A.J.,	  2008.	  Sample	  dilution	  for	  AMS	  14C	  analysis	  of	  
small	  samples	  (30-­‐150	  µg	  C),	  Radiocarbon,	  50(3),	  413-­‐436.	  
de	   Vries,	   H.,	   Barendsen	   G.W.,	   1952.	   A	   new	   technique	   for	   the	   measurement	   of	   age	   by	  
radiocarbon,	  Physica,	  18,	  652.	  
Dijs	  I.J.,	  van	  der	  Windt	  E.,	  Kaihola	  L.,	  van	  der	  Borg	  K.,	  2006.	  Quantitative	  determination	  by	  
14C	  analysis	  of	  the	  biological	  component	  in	  fuels,	  Radiocarbon,	  48(3),	  315-­‐323.	  
 
Ding,	   Y.,	   Han,	   W.,	   Chai,	   Q.,	   Yang,	   S.,	   2013.	   Coal-­‐based	   synthetic	   natural	   gas	   (SNG):	   A	  
solution	  to	  China’s	  energy	  security	  and	  CO2	  reduction?	  Energy	  Policy,	  55,	  445-­‐453.	  
ECN,	   2015.	   Information	   of	   company	   ECN	   about	   14C-­‐based	   biogenic	   carbon	   fraction	  
determination	   for	   customers:	   http://www.14credits.com/home/	   (last	   assessed	   July	  
2015).	  
European	   Commission.	   2010.	   Mandate/475.	   Mandate	   to	   CEN	   for	   standards	   for	  
biomethane	   for	   use	   in	   transport	   and	   injection	   in	   natural	   gas	   pipelines.	   European	  
Commission,	  Directorate-­‐general	  for	  Energy,	  Brussels,	  Belgium.	  
Fellner,	  J.,	  Cencic,	  O.	  and	  Rechberger,	  H.,	  2007.	  A	  new	  method	  to	  determine	  the	  ratio	  of	  
electricity	   production	   from	   fossil	   and	   biogenic	   sources	   in	   waste-­‐to-­‐energy	   plants,	  
Environ.	  Sci.	  Technol.,	  41,	  2579-­‐2586.	  
Fellner,	  J.,	  Rechberger,	  H.,	  2009.	  Abundance	  of	  14C	  in	  biomass	  fractions	  of	  wastes	  and	  solid	  
recovered	  fuels.	  Waste	  Management,	  29(5),	  1495-­‐1503.	  
Fichtner,	   2007.	   C14	   determination	   of	   biomass	   energy	   content	   of	   fuels,	   description	   of	  
method,	  not	  published	  report	  of	  Renewable	  Energy	  Association,	  obtained	  in	  2010	  via	  
internet	  (available	  in	  2010;	  last	  assessed	  in	  2015	  but	  then	  not	  available	  anymore).	  
Fuex,	  A.N.,	  1977.	  The	  use	  of	  stable	  carbon	  isotopes	  in	  hydrocarbon	  exploration,	  Journal	  of	  
Geochemical	  Exploration,	  7,	  155-­‐188.	  
Funabashi,	   M.,	   Ninomiya,	   F.,	   Kunioka,	   M.,	   Ohara,	   K.,	   2009.	   Biomass	   carbon	   ratio	   of	  
biomass	   chemicals	   measured	   by	   Accelerator	   Mass	   Spectrometry.	   Bull.	   Chem.	   Soc.	  
Jpn.,	  82(12),	  1538-­‐1547.	  
Fuglsang,	  K.,	  Pedersen,	  N.H.,	  Warberg	  Larsen,	  A.,	  Freurgaard	  Astrup,	  T.,	  2014.	  Long-­‐term	  
sampling	  of	  CO2	  from	  waste-­‐to-­‐energy	  plants:	  14C	  determination,	  data	  variation	  and	  
uncertainty.	  Waste	  Management	  &	  Research,	  32(2),	  115-­‐123.	  
Galli,	   I.,	   Bartalini,	   S.,	   Cancio,	   P.,	   De	   Natale,	   P.,	   Mazzotti,	   D.,	   Giusfredi,	   G.,	   Fedi,	   M.E.,	  
Mando,	   P.A.,	   2013.	   Optical	   detection	   of	   radiocarbon	   dioxide:	   first	   results	   and	   AMS	  
intercomparison,	  Radiocarbon,	  55(2-­‐3),	  213–223.	  
Genoud,	   G.,	   Vainio,	   M.,	   Phillips,	   H.,	   Dean,	   J.,	   Merimaa,	   M.,	   2015.	   Radiocarbon	   dioxide	  
detection	   based	   on	   cavity	   ring-­‐down	   spectroscopy	   and	   a	   quantum	   cascade	   laser,	  
Optics	  Letters,	  40,	  1342–1345.	  
Godwin,	  H.,	  1962.	  Half-­‐life	  of	  radiocarbon.	  Nature,	  195,	  984.	  
Gonfiantini	  R.	  1984.	  Stable	   Isotope	  Reference	  Samples	   for	  Geochemical	  and	  Hydrological	  
Investigations,	  Vienna,	  IAEA,	  77p.	  
Hämäläinen,	   K.M.,	   Jungner,	   H.,	   Antson,	   O.,	   Räsänen,	   J.,	   Tormonen,	   K.,	   Roine,	   J.,	   2007.	  






 Arnold,	   J.R.,	   Libby,	  W.F.,	   1949.	  Age	  determinations	  by	   radiocarbon	  content;	   checks	  with	  
samples	  of	  known	  age.	  Science,	  110	  (2869),	  678-­‐680.	  
Bergamaschi,	   P.,	   Lubina,	   C.,	   Königstedt,	   R.,	   Fisher,	   H.,	   1998.	   Stable	   isotopic	   signatures	  
(δ13C,	  δD)	  of	  methane	  from	  European	   landfill	   sites,	   Journal	  of	  Geophysical	  Research,	  
103(D7),	  8251-­‐8265.	  
Cabral,	   A.R.,	   Capanema,	   M.A.,	   Gebert,	   J.,	   Moreira,	   J.F.,	   Jugnia,	   L.B.,	   2010.	   Quantifying	  
microbial	  methane	  oxidation	  efficiencies	  in	  two	  experimental	  landfill	  biocovers	  using	  
stable	  isotopes,	  Water,	  Air,	  &	  Soil	  Pollution,	  209(1-­‐4),	  157-­‐172.	  
Calcagnile,	  L.,	  Quarta,	  G.,	  Ciceri,	  G.,	  Martinotti,	  V.,	  2011.	  Radiocarbon	  AMS	  determination	  
of	   the	   biogenic	   component	   in	   CO2	   emitted	   from	   waste	   incineration.	   Nuclear	  
Instruments	  and	  Methods	  in	  Physics	  Research	  B,	  269,	  3158-­‐3162.	  
CEN,	   2011.	   TS	   15440:2011.	   Solid	   recovered	   fuels.	   Methods	   for	   the	   determination	   of	  
biomass	  content.	  European	  Committee	  for	  Standardization	  CEN,	  Brussels,	  Belgium.	  
CEN,	   2014.	   TS	   16640:2014.	   Bio-­‐based	   products.	   Determination	   of	   the	   bio	   based	   carbon	  
content	   of	   products	   using	   the	   radiocarbon	   method.	   European	   Committee	   for	  
Standardization	  CEN,	  Brussels,	  Belgium.	  
Ciais,	   P.,	   C.	   Sabine,	   G.	   Bala,	   L.	   Bopp,	   V.	   Brovkin,	   J.	   Canadell,	   A.	   Chhabra,	   R.	   DeFries,	   J.	  
Galloway,	  M.	  Heimann,	  C.	   Jones,	  C.	   Le	  Quéré,	  R.B.	  Myneni,	   S.	   Piao	  and	  P.	   Thornton,	  
2013:	  Carbon	  and	  Other	  Biogeochemical	  Cycles.	  In:	  Climate	  Change	  2013:	  The	  Physical	  
Science	  Basis.	  Contribution	  of	  Working	  Group	  I	  to	  the	  Fifth	  Assessment	  Report	  of	  the	  
Intergovernmental	   Panel	   on	  Climate	  Change	   [Stocker,	   T.F.,	  D.	  Qin,	  G.-­‐K.	   Plattner,	  M.	  
Tignor,	   S.K.	   Allen,	   J.	   Boschung,	   A.	   Nauels,	   Y.	   Xia,	   V.	   Bex	   and	   P.M.	   Midgley	   (eds.)].	  
Cambridge	  University	  Press,	  Cambridge,	  United	  Kingdom	  and	  New	  York,	  NY,	  USA.	  	  
http://www.ipcc.ch/pdf/assessment-­‐report/ar5/wg1/WG1AR5_Chapter06_FINAL.pdf	  
(last	  assessed	  16	  July	  2015)	  	  
Clayton,	   D.,	   Arnold,	   J.R.,	   and	   Patty,	   F.A.,	   1955.	   Determination	   of	   sources	   of	   particulate	  
atmospheric	  carbon,	  Science,	  122(3173),	  751-­‐753.	  
Conrad,	   R.,	   2005.	   Quantification	   of	   methanogenic	   pathways	   using	   stable	   isotopic	  
signatures:	  a	  review	  and	  a	  proposal,	  Organic	  Geochemistry,	  36,	  739-­‐752.	  
Currie,	   L.A.,	   Klouda	   G.A.,	   Klinedinst,	   D.B.,	   Sheffield	   A.E.,	   Jull,	   A.J.T.,	   Donahue,	   D.J.,	   and	  
Connolly,	  M.V.	  1994.	  Fossil-­‐	  and	  bio-­‐mass	  combustion:	  C-­‐14	  for	  source	   identification,	  
chemical	  tracer	  development,	  and	  model	  validation,	  Nucl.	  Instr.	  and	  Meth.,	  92(B),	  404-­‐
409.	  
de	  Rooij,	  M.,	  van	  der	  Plicht,	  J.,	  Meijer,	  H.A.J.,	  2008.	  Sample	  dilution	  for	  AMS	  14C	  analysis	  of	  
small	  samples	  (30-­‐150	  µg	  C),	  Radiocarbon,	  50(3),	  413-­‐436.	  
de	   Vries,	   H.,	   Barendsen	   G.W.,	   1952.	   A	   new	   technique	   for	   the	   measurement	   of	   age	   by	  
radiocarbon,	  Physica,	  18,	  652.	  
Dijs	  I.J.,	  van	  der	  Windt	  E.,	  Kaihola	  L.,	  van	  der	  Borg	  K.,	  2006.	  Quantitative	  determination	  by	  
14C	  analysis	  of	  the	  biological	  component	  in	  fuels,	  Radiocarbon,	  48(3),	  315-­‐323.	  
 
Ding,	   Y.,	   Han,	   W.,	   Chai,	   Q.,	   Yang,	   S.,	   2013.	   Coal-­‐based	   synthetic	   natural	   gas	   (SNG):	   A	  
solution	  to	  China’s	  energy	  security	  and	  CO2	  reduction?	  Energy	  Policy,	  55,	  445-­‐453.	  
ECN,	   2015.	   Information	   of	   company	   ECN	   about	   14C-­‐based	   biogenic	   carbon	   fraction	  
determination	   for	   customers:	   http://www.14credits.com/home/	   (last	   assessed	   July	  
2015).	  
European	   Commission.	   2010.	   Mandate/475.	   Mandate	   to	   CEN	   for	   standards	   for	  
biomethane	   for	   use	   in	   transport	   and	   injection	   in	   natural	   gas	   pipelines.	   European	  
Commission,	  Directorate-­‐general	  for	  Energy,	  Brussels,	  Belgium.	  
Fellner,	  J.,	  Cencic,	  O.	  and	  Rechberger,	  H.,	  2007.	  A	  new	  method	  to	  determine	  the	  ratio	  of	  
electricity	   production	   from	   fossil	   and	   biogenic	   sources	   in	   waste-­‐to-­‐energy	   plants,	  
Environ.	  Sci.	  Technol.,	  41,	  2579-­‐2586.	  
Fellner,	  J.,	  Rechberger,	  H.,	  2009.	  Abundance	  of	  14C	  in	  biomass	  fractions	  of	  wastes	  and	  solid	  
recovered	  fuels.	  Waste	  Management,	  29(5),	  1495-­‐1503.	  
Fichtner,	   2007.	   C14	   determination	   of	   biomass	   energy	   content	   of	   fuels,	   description	   of	  
method,	  not	  published	  report	  of	  Renewable	  Energy	  Association,	  obtained	  in	  2010	  via	  
internet	  (available	  in	  2010;	  last	  assessed	  in	  2015	  but	  then	  not	  available	  anymore).	  
Fuex,	  A.N.,	  1977.	  The	  use	  of	  stable	  carbon	  isotopes	  in	  hydrocarbon	  exploration,	  Journal	  of	  
Geochemical	  Exploration,	  7,	  155-­‐188.	  
Funabashi,	   M.,	   Ninomiya,	   F.,	   Kunioka,	   M.,	   Ohara,	   K.,	   2009.	   Biomass	   carbon	   ratio	   of	  
biomass	   chemicals	   measured	   by	   Accelerator	   Mass	   Spectrometry.	   Bull.	   Chem.	   Soc.	  
Jpn.,	  82(12),	  1538-­‐1547.	  
Fuglsang,	  K.,	  Pedersen,	  N.H.,	  Warberg	  Larsen,	  A.,	  Freurgaard	  Astrup,	  T.,	  2014.	  Long-­‐term	  
sampling	  of	  CO2	  from	  waste-­‐to-­‐energy	  plants:	  14C	  determination,	  data	  variation	  and	  
uncertainty.	  Waste	  Management	  &	  Research,	  32(2),	  115-­‐123.	  
Galli,	   I.,	   Bartalini,	   S.,	   Cancio,	   P.,	   De	   Natale,	   P.,	   Mazzotti,	   D.,	   Giusfredi,	   G.,	   Fedi,	   M.E.,	  
Mando,	   P.A.,	   2013.	   Optical	   detection	   of	   radiocarbon	   dioxide:	   first	   results	   and	   AMS	  
intercomparison,	  Radiocarbon,	  55(2-­‐3),	  213–223.	  
Genoud,	   G.,	   Vainio,	   M.,	   Phillips,	   H.,	   Dean,	   J.,	   Merimaa,	   M.,	   2015.	   Radiocarbon	   dioxide	  
detection	   based	   on	   cavity	   ring-­‐down	   spectroscopy	   and	   a	   quantum	   cascade	   laser,	  
Optics	  Letters,	  40,	  1342–1345.	  
Godwin,	  H.,	  1962.	  Half-­‐life	  of	  radiocarbon.	  Nature,	  195,	  984.	  
Gonfiantini	  R.	  1984.	  Stable	   Isotope	  Reference	  Samples	   for	  Geochemical	  and	  Hydrological	  
Investigations,	  Vienna,	  IAEA,	  77p.	  
Hämäläinen,	   K.M.,	   Jungner,	   H.,	   Antson,	   O.,	   Räsänen,	   J.,	   Tormonen,	   K.,	   Roine,	   J.,	   2007.	  






 Hartmann,	   D.L.,	   A.M.G.	   Klein	   Tank,	   M.	   Rusticucci,	   L.V.	   Alexander,	   S.	   Brönnimann,	   Y.	  
Charabi,	   F.J.	   Dentener,	   E.J.	   Dlugokencky,	   D.R.	   Easterling,	   A.	   Kaplan,	   B.J.	   Soden,	   P.W.	  
Thorne,	   M.	   Wild	   and	   P.M.	   Zhai,	   2013:	   Observations:	   Atmosphere	   and	   Surface.	   In:	  
Climate	  Change	  2013:	  The	  Physical	  Science	  Basis.	  Contribution	  of	  Working	  Group	  I	  to	  
the	   Fifth	   Assessment	   Report	   of	   the	   Intergovernmental	   Panel	   on	   Climate	   Change	  
[Stocker,	  T.F.,	  D.	  Qin,	  G.-­‐K.	  Plattner,	  M.	  Tignor,	  S.K.	  Allen,	  J.	  Boschung,	  A.	  Nauels,	  Y.	  Xia,	  
V.	   Bex	   and	   P.M.	   Midgley	   (eds.)].	   Cambridge	   University	   Press,	   Cambridge,	   United	  
Kingdom	  and	  New	  York,	  NY,	  USA.	  	  
http://www.ipcc.ch/pdf/assessment-­‐report/ar5/wg1/WG1AR5_Chapter02_FINAL.pdf	  
(last	  assessed	  16/07/2015).	  
Hsueh,	  D.Y.,	   Krakauer,	  N.Y.,	   Randerson,	   J.T.,	   Xu,	   X.,	   Trumbore,	   S.E.,	   Southon,	   J.R.,	   2007.	  
Regional	   patterns	   of	   radiocarbon	   and	   fossil	   fuel-­‐derived	   CO2	   in	   surface	   air	   across	  
North	  America,	  Geophysical	  Research	  Letters,	  34,	  L02816.	  	  
Hua,	  Q.,	  Barbetti,	  M.,	  Rakowski,	  A.Z.,	  2013.	  Atmospheric	  radiocarbon	  for	  the	  period	  1950-­‐
2010.	  Radiocarbon,	  55(4),	  2059-­‐2072.	  
Hut,	  G.,	  Begemann,	  M.J.S.,	  Weerkamp,	  H.R.,	  1984.	  Determination	  of	  isotope	  ratios	  in	  the	  
natural	   gas	   components	   CH4	   and	   N2	   separated	   by	   gas	   chromatography,	   Chemical	  
Geology,	  46(1),	  75-­‐83.	  
IEA,	   International	   Energy	   Agency	   (IEA);	   webpage	   about	   global	   growth	   in	   the	   use	   of	  
bioenergy:	   http://www.iea.org/topics/renewables/subtopics/bioenergy/	   (last	  
assessed:	  22	  April	  2015).	  	  
IEA,	   2014a.	   Key	   world	   energy	   statistics;	   International	   Energy	   Agency,	   9	   rue	   de	   la	  
Fédération,	  75739	  Paris	  Cedex	  15,	  France.	  	  80	  pages.	  
IEA,	  2014b.	  World	  energy	   investment	  outlook	  special	   report;	  edition	  2014.	   International	  
Energy	  Agency,	  9	  rue	  de	  la	  Fédération,	  75739	  Paris	  Cedex	  15,	  France.	  190	  pages	  
IPCC	   report	   2013,	   working	   group	   I:	   http://www.ipcc.ch/report/ar5/wg1/	   (last	   assessed	  
16/07/2015)	  
ISO	   13833:2013;	   Stationary	   source	   emissions	   –	   Determination	   of	   the	   ratio	   of	   biomass	  
(biogenic)	   and	   fossil-­‐derived	   carbon	   dioxide	   –	   Radiocarbon	   sampling	   and	  
determination.	  International	  standard	  ISO,	  Geneva,	  p.	  36.	  
ISO/PRF	  16620-­‐2.	  Plastics	  -­‐	  Biobased	  content	  -­‐	  Part	  2:	  Determination	  of	  biobased	  carbon	  
content,	  ISO,	  Geneva,	  Switzerland.	  
ISO/CD	  19984-­‐2.	  Rubber	  and	  rubber	  products	  –	  Determination	  of	  biobased	  content	  –	  part	  
2:	   Biobased	   carbon	   content,	   ISO,	   Geneva,	   Switzerland.	   Under	   construction	   (in	   July	  
2015)	  
Kopyscinski,	  J.,	  Schildhauer,	  T.J.,	  Biollaz,	  S.M.A.,	  2010.	  Production	  of	  synthetic	  natural	  gas	  
(SNG)	  from	  coal	  and	  dry	  biomass	  –	  A	  new	  technology	  review	  from	  1950	  to	  2009.	  Fuel,	  
89,	  1763-­‐1783.	  
 
Krzycki,	   J.A.,	   Kenealy,	   W.R.,	   DeNiro,	   M.J.,	   Zeikus,	   J.G.,	   1987.	   Stable	   carbon	   isotope	  
fractionation	   by	   Methanosarcina	   barkeri	   during	   methanogenesis	   from	   acetate,	  
methanol,	   or	   carbon	   dioxide-­‐hydrogen,	   Applied	   and	   Environmental	   Microbiology,	  
53(10),	  2597-­‐2599.	  	  
Kunioka,	  M.,	  Ninomiya,	  F.,	  Funabashi,	  M.,	  2007.	  Biobased	  contents	  of	  organic	   fillers	  and	  
polycaprolactone	   composites	   with	   cellulose	   fillers	   measured	   by	   accelerator	   mass	  
spectrometry	  based	  on	  ASTM	  D6866,	  J.	  Polym	  Environ,	  15,	  281-­‐287.	  
Kunioka,	   M.,	   2010.	   Possible	   incorporation	   of	   petroleum-­‐based	   carbons	   in	   biochemical	  
produced	   by	   bioprocess	   –	   biomass	   carbon	   ratio	   measured	   by	   accelerator	   mass	  
spectrometry.	  Appl.	  Microbiol.	  Biotechnol.,	  87,	  491-­‐497.	  
Laukenmann,	  S.,	  Polag,	  D.,	  Heuwinkel,	  H.,	  Greule,	  M.,	  Gronauer,	  A.,	  Lelieveld,	  J.,	  Keppler,	  
E.,	  2010.	  Identification	  of	  methanogenic	  pathways	  in	  anaerobic	  digesters	  using	  stable	  
carbon	  isotopes,	  Engineering	  in	  Life	  Sciences,	  10(6),	  509-­‐514.	  
Levin,	  I.,	  Bergamanschi,	  P.,	  Dörr,	  H.,	  Trapp,	  D.,	  1993.	  Stable	  isotopic	  signature	  of	  methane	  
from	  major	  sources	  in	  Germany,	  Chemosphere,	  26,	  161-­‐177.	  
Levin,	   I.,	  Graul,	  R.,	  Trivett,	  N.B.A.,	  1995.	  Long-­‐term	  observations	  of	  atmospheric	  CO2	  and	  
carbon	  isotopes	  at	  continental	  sites	  in	  Germany,	  Tellus,	  47(B),	  23-­‐34.	  
Levin,	   I.,	   Hesshaimer,	   V.,	   2000.	   Radiocarbon	   –	   A	   unique	   tracer	   of	   global	   carbon	   cycle	  
dynamics,	  Radiocarbon,	  42(1),	  69-­‐80.	  
Levin,	   I.,	  Kromer,	  B.,	  Schmidt,	  M.,	  Sartorius,	  H.,	  2003.	  A	  novel	  approach	  for	   independent	  
budgeting	  of	  fossil	  fuels	  CO2	  over	  Europe	  by	  
14CO2	  observations,	  Geophysical	  Research	  
Letters,	  30(23),	  2194.	  
Levin,	   I.,	  Kromer,	  B.,	  2004.	  The	  tropospheric	   14CO2	   level	   in	  mid-­‐latitudes	  of	   the	  Northern	  
Hemisphere	  (1959-­‐2003),	  Radiocarbon,	  46(3),	  1261-­‐1272.	  
Levin,	  I.,	  Naegler,	  T.,	  Kromer,	  B.,	  Diehl,	  M.,	  Francey,	  R.J.,	  Gomez-­‐Pelaez,	  A.J.,	  Paule	  Steele,	  
L.,	  Wagenbach,	  D.,	  Weller,	  R.,	  Worthy,	  D.E.,	  2010.	  Observations	  and	  modelling	  of	  the	  
global	  distribution	  and	  long-­‐term	  trend	  of	  atmospheric	  14CO2,	  Tellus,	  62B,	  26-­‐46.	  
Mann,	   W.B.,	   1983.	   An	   international	   reference	   material	   for	   radiocarbon	   dating,	  
Radiocarbon,	  25(2),	  519-­‐527.	  
McCartt,	  A.D.,	  Ognibene,	  T.,	  Bench,	  G.,	  Turteltaub,	  K..	  Measurements	  of	  Carbon-­‐14	  With	  
Cavity	   Ring-­‐Down	   Spectroscopy,	   Nuclear	   Instruments	   and	   Methods	   in	   Physics	  
Research	  B,	  (in	  press;	  2015),	  DOI:	  10.1016/j.nimb.2015.05.036.	  
Meijer,	   H.A.J.,	   van	   der	   Plicht,	   J.,	   Gislefoss,	   J.S.,	   Nydal,	   R.,	   1995.	   Comparing	   long-­‐term	  
atmospheric	   14C	   and	   3H	   records	   near	   Groningen,	   The	   Netherlands	  with	   Fruholmen,	  
Norway	  and	  Izaña,	  Canary	  Islands	  14C	  stations,	  Radiocarbon,	  37(1),	  39-­‐50.	  
Milkov,	  A.V.,	  2005.	  Molecular	  and	  stable	  isotope	  compositions	  of	  natural	  gas	  hydrates:	  A	  
revised	  global	  dataset	  and	  basic	  interpretations	  in	  the	  context	  of	  geological	  settings,	  
Organic	  Geochemistry,	  36,	  681-­‐702.	  
References
134
 Hartmann,	   D.L.,	   A.M.G.	   Klein	   Tank,	   M.	   Rusticucci,	   L.V.	   Alexander,	   S.	   Brönnimann,	   Y.	  
Charabi,	   F.J.	   Dentener,	   E.J.	   Dlugokencky,	   D.R.	   Easterling,	   A.	   Kaplan,	   B.J.	   Soden,	   P.W.	  
Thorne,	   M.	   Wild	   and	   P.M.	   Zhai,	   2013:	   Observations:	   Atmosphere	   and	   Surface.	   In:	  
Climate	  Change	  2013:	  The	  Physical	  Science	  Basis.	  Contribution	  of	  Working	  Group	  I	  to	  
the	   Fifth	   Assessment	   Report	   of	   the	   Intergovernmental	   Panel	   on	   Climate	   Change	  
[Stocker,	  T.F.,	  D.	  Qin,	  G.-­‐K.	  Plattner,	  M.	  Tignor,	  S.K.	  Allen,	  J.	  Boschung,	  A.	  Nauels,	  Y.	  Xia,	  
V.	   Bex	   and	   P.M.	   Midgley	   (eds.)].	   Cambridge	   University	   Press,	   Cambridge,	   United	  
Kingdom	  and	  New	  York,	  NY,	  USA.	  	  
http://www.ipcc.ch/pdf/assessment-­‐report/ar5/wg1/WG1AR5_Chapter02_FINAL.pdf	  
(last	  assessed	  16/07/2015).	  
Hsueh,	  D.Y.,	   Krakauer,	  N.Y.,	   Randerson,	   J.T.,	   Xu,	   X.,	   Trumbore,	   S.E.,	   Southon,	   J.R.,	   2007.	  
Regional	   patterns	   of	   radiocarbon	   and	   fossil	   fuel-­‐derived	   CO2	   in	   surface	   air	   across	  
North	  America,	  Geophysical	  Research	  Letters,	  34,	  L02816.	  	  
Hua,	  Q.,	  Barbetti,	  M.,	  Rakowski,	  A.Z.,	  2013.	  Atmospheric	  radiocarbon	  for	  the	  period	  1950-­‐
2010.	  Radiocarbon,	  55(4),	  2059-­‐2072.	  
Hut,	  G.,	  Begemann,	  M.J.S.,	  Weerkamp,	  H.R.,	  1984.	  Determination	  of	  isotope	  ratios	  in	  the	  
natural	   gas	   components	   CH4	   and	   N2	   separated	   by	   gas	   chromatography,	   Chemical	  
Geology,	  46(1),	  75-­‐83.	  
IEA,	   International	   Energy	   Agency	   (IEA);	   webpage	   about	   global	   growth	   in	   the	   use	   of	  
bioenergy:	   http://www.iea.org/topics/renewables/subtopics/bioenergy/	   (last	  
assessed:	  22	  April	  2015).	  	  
IEA,	   2014a.	   Key	   world	   energy	   statistics;	   International	   Energy	   Agency,	   9	   rue	   de	   la	  
Fédération,	  75739	  Paris	  Cedex	  15,	  France.	  	  80	  pages.	  
IEA,	  2014b.	  World	  energy	   investment	  outlook	  special	   report;	  edition	  2014.	   International	  
Energy	  Agency,	  9	  rue	  de	  la	  Fédération,	  75739	  Paris	  Cedex	  15,	  France.	  190	  pages	  
IPCC	   report	   2013,	   working	   group	   I:	   http://www.ipcc.ch/report/ar5/wg1/	   (last	   assessed	  
16/07/2015)	  
ISO	   13833:2013;	   Stationary	   source	   emissions	   –	   Determination	   of	   the	   ratio	   of	   biomass	  
(biogenic)	   and	   fossil-­‐derived	   carbon	   dioxide	   –	   Radiocarbon	   sampling	   and	  
determination.	  International	  standard	  ISO,	  Geneva,	  p.	  36.	  
ISO/PRF	  16620-­‐2.	  Plastics	  -­‐	  Biobased	  content	  -­‐	  Part	  2:	  Determination	  of	  biobased	  carbon	  
content,	  ISO,	  Geneva,	  Switzerland.	  
ISO/CD	  19984-­‐2.	  Rubber	  and	  rubber	  products	  –	  Determination	  of	  biobased	  content	  –	  part	  
2:	   Biobased	   carbon	   content,	   ISO,	   Geneva,	   Switzerland.	   Under	   construction	   (in	   July	  
2015)	  
Kopyscinski,	  J.,	  Schildhauer,	  T.J.,	  Biollaz,	  S.M.A.,	  2010.	  Production	  of	  synthetic	  natural	  gas	  
(SNG)	  from	  coal	  and	  dry	  biomass	  –	  A	  new	  technology	  review	  from	  1950	  to	  2009.	  Fuel,	  
89,	  1763-­‐1783.	  
 
Krzycki,	   J.A.,	   Kenealy,	   W.R.,	   DeNiro,	   M.J.,	   Zeikus,	   J.G.,	   1987.	   Stable	   carbon	   isotope	  
fractionation	   by	   Methanosarcina	   barkeri	   during	   methanogenesis	   from	   acetate,	  
methanol,	   or	   carbon	   dioxide-­‐hydrogen,	   Applied	   and	   Environmental	   Microbiology,	  
53(10),	  2597-­‐2599.	  	  
Kunioka,	  M.,	  Ninomiya,	  F.,	  Funabashi,	  M.,	  2007.	  Biobased	  contents	  of	  organic	   fillers	  and	  
polycaprolactone	   composites	   with	   cellulose	   fillers	   measured	   by	   accelerator	   mass	  
spectrometry	  based	  on	  ASTM	  D6866,	  J.	  Polym	  Environ,	  15,	  281-­‐287.	  
Kunioka,	   M.,	   2010.	   Possible	   incorporation	   of	   petroleum-­‐based	   carbons	   in	   biochemical	  
produced	   by	   bioprocess	   –	   biomass	   carbon	   ratio	   measured	   by	   accelerator	   mass	  
spectrometry.	  Appl.	  Microbiol.	  Biotechnol.,	  87,	  491-­‐497.	  
Laukenmann,	  S.,	  Polag,	  D.,	  Heuwinkel,	  H.,	  Greule,	  M.,	  Gronauer,	  A.,	  Lelieveld,	  J.,	  Keppler,	  
E.,	  2010.	  Identification	  of	  methanogenic	  pathways	  in	  anaerobic	  digesters	  using	  stable	  
carbon	  isotopes,	  Engineering	  in	  Life	  Sciences,	  10(6),	  509-­‐514.	  
Levin,	  I.,	  Bergamanschi,	  P.,	  Dörr,	  H.,	  Trapp,	  D.,	  1993.	  Stable	  isotopic	  signature	  of	  methane	  
from	  major	  sources	  in	  Germany,	  Chemosphere,	  26,	  161-­‐177.	  
Levin,	   I.,	  Graul,	  R.,	  Trivett,	  N.B.A.,	  1995.	  Long-­‐term	  observations	  of	  atmospheric	  CO2	  and	  
carbon	  isotopes	  at	  continental	  sites	  in	  Germany,	  Tellus,	  47(B),	  23-­‐34.	  
Levin,	   I.,	   Hesshaimer,	   V.,	   2000.	   Radiocarbon	   –	   A	   unique	   tracer	   of	   global	   carbon	   cycle	  
dynamics,	  Radiocarbon,	  42(1),	  69-­‐80.	  
Levin,	   I.,	  Kromer,	  B.,	  Schmidt,	  M.,	  Sartorius,	  H.,	  2003.	  A	  novel	  approach	  for	   independent	  
budgeting	  of	  fossil	  fuels	  CO2	  over	  Europe	  by	  
14CO2	  observations,	  Geophysical	  Research	  
Letters,	  30(23),	  2194.	  
Levin,	   I.,	  Kromer,	  B.,	  2004.	  The	  tropospheric	   14CO2	   level	   in	  mid-­‐latitudes	  of	   the	  Northern	  
Hemisphere	  (1959-­‐2003),	  Radiocarbon,	  46(3),	  1261-­‐1272.	  
Levin,	  I.,	  Naegler,	  T.,	  Kromer,	  B.,	  Diehl,	  M.,	  Francey,	  R.J.,	  Gomez-­‐Pelaez,	  A.J.,	  Paule	  Steele,	  
L.,	  Wagenbach,	  D.,	  Weller,	  R.,	  Worthy,	  D.E.,	  2010.	  Observations	  and	  modelling	  of	  the	  
global	  distribution	  and	  long-­‐term	  trend	  of	  atmospheric	  14CO2,	  Tellus,	  62B,	  26-­‐46.	  
Mann,	   W.B.,	   1983.	   An	   international	   reference	   material	   for	   radiocarbon	   dating,	  
Radiocarbon,	  25(2),	  519-­‐527.	  
McCartt,	  A.D.,	  Ognibene,	  T.,	  Bench,	  G.,	  Turteltaub,	  K..	  Measurements	  of	  Carbon-­‐14	  With	  
Cavity	   Ring-­‐Down	   Spectroscopy,	   Nuclear	   Instruments	   and	   Methods	   in	   Physics	  
Research	  B,	  (in	  press;	  2015),	  DOI:	  10.1016/j.nimb.2015.05.036.	  
Meijer,	   H.A.J.,	   van	   der	   Plicht,	   J.,	   Gislefoss,	   J.S.,	   Nydal,	   R.,	   1995.	   Comparing	   long-­‐term	  
atmospheric	   14C	   and	   3H	   records	   near	   Groningen,	   The	   Netherlands	  with	   Fruholmen,	  
Norway	  and	  Izaña,	  Canary	  Islands	  14C	  stations,	  Radiocarbon,	  37(1),	  39-­‐50.	  
Milkov,	  A.V.,	  2005.	  Molecular	  and	  stable	  isotope	  compositions	  of	  natural	  gas	  hydrates:	  A	  
revised	  global	  dataset	  and	  basic	  interpretations	  in	  the	  context	  of	  geological	  settings,	  
Organic	  Geochemistry,	  36,	  681-­‐702.	  
References
135
 Mohn,	  J.,	  Szidat,	  S.,	  Fellner	  J.,	  Rechberger,	  H.,	  Quartier,	  R.,	  Buchmann,	  B.,	  Emmenegger,	  L.,	  
2008.	  Determination	  of	  biogenic	  and	  fossil	  CO2	  emitted	  by	  waste	   incineration	  based	  
on	  14CO2	  and	  mass	  balances.	  Bioresource	  Technology,	  99(14),	  6471-­‐6479.	  
Mohn,	  J.,	  Szidat,	  S.,	  Zeyer,	  K.,	  Emmenegger,	  L.,	  2012.	  Fossil	  and	  biogenic	  CO2	  from	  waste	  
incineration	  based	  on	  a	  yearlong	  radiocarbon	  study.	  Waste	  Management,	  32,	  1516-­‐
1520.	  
Mook,	  W.G.,	  1980.	  The	  effect	  of	  fossil	  fuel	  and	  biogenic	  CO2	  on	  the	  
13C	  and	  14C	  content	  of	  
atmospheric	  carbon	  dioxide,	  Radiocarbon,	  22(2),	  392-­‐397.	  
Mook,	  W.G.,	  Streurman,	  H.-­‐J.,	  1983.	  Physical	  and	  chemical	  aspects	  of	  radiocarbon	  dating,	  
in	  Proceedings	  of	  the	  International	  Groningen	  Symposium	  14C	  and	  Archeology,	  edited	  
by	  W.G.	  Mook,	  and	  H.T.	  Waterbolk,	  PACT	  8,	  pp	  31-­‐55,	  Council	  of	  Europe,	  Strasbourg.	  
Mook,	   W.G.,	   van	   der	   Plicht,	   J.,	   1999.	   Reporting	   14C	   activities	   and	   concentrations,	  
Radiocarbon,	  41(3),	  227-­‐239.	  
Mook,	  W.G.,	  2000.	  Environmental	   isotopes	   in	  the	  hydrological	  cycle.	  Vol.	  1,	   Introduction,	  
principles,	  methods.	  Vienna,	  UNESCO/IAEA,	  255	  p.	  
Murnick,	   D.E.,	   Dogru,	   O.,	   Ilkmen,	   E.,	   2008.	   Intracavity	   optogalvanic	   spectroscopy.	   An	  
analytical	   technique	   for	   C-­‐14	   analysis	   with	   subattomole	   sensitivity.	   Analytical	  
Chemistry,	  80,	  4820–4824.	  
NEN-­‐ISO	   10396	   (2007),	   Stationary	   source	   emissions	   -­‐	   Sampling	   for	   the	   automated	  
determination	  of	  gas	  emission	  concentrations	  for	  permanently	  -­‐	  installed	  monitoring	  
systems,	  International	  Standard	  ISO,	  Geneva,	  p.	  24.	  
Norton,	   G.A.,	   Devlin,	   S.L.,	   2006.	   Determining	   the	   modern	   carbon	   content	   of	   biobased	  
products	  using	  radiocarbon	  analysis,	  Bioresource	  Technology,	  97,	  2084-­‐2090.	  
Norton,	  G.A.,	  Hood,	  D.G.,	  Devlin,	  S.L.,	  2007.	  Accuracy	  of	  radioanalytical	  procedures	  used	  
to	   determine	   the	   biobased	   content	   of	   manufactured	   products,	   Bioresource	  
Technology,	  98,	  1052-­‐1056.	  
Norton,	   G.A.,	   2008.	   Considerations	   regarding	   inorganic	   carbon	   in	   the	   determination	   of	  
‘biobased	   content’	   using	   radiocarbon	   analyses,	   Journal	   of	   Biobased	   Materials	   and	  
Bioenergy,	  2,	  1-­‐3.	  
Palstra,	   S.W.L.,	   Karstens,	   U.,	   Streurman,	   H-­‐J.,	   Meijer,	   H.A.J.,	   2008.	  Wine	   ethanol	   14C	   as	  
tracer	  for	  fossil	  fuel	  CO2	  emissions	  in	  Europe:	  measurements	  and	  model	  comparison,	  
Journal	  of	  Geophysical	  Research,	  113,	  D211302.	  
Palstra,	   S.W.L.,	   Meijer,	   H.A.J.,	   2010.	   Carbon-­‐14	   based	   determination	   of	   the	   biogenic	  
fraction	   of	   industrial	   CO2	   emissions	   –	   Application	   and	   validation,	   Bioresource	  
Technology	  101,	  3702-­‐3710.	  
Palstra,	  S.W.L.,	  Meijer,	  H.A.J.,	  2014.	  Biogenic	  carbon	  fraction	  of	  biogas	  and	  natural	  gas	  fuel	  
mixtures	  determined	  with	  14C,	  Radiocarbon,	  56(1),	  7-­‐28.	  
 
Palstra,	  S.W.L.,	  Rabou,	  L.P.L.M.,	  Meijer,	  H.A.J.,	  2015.	  Radiocarbon-­‐based	  determination	  of	  
biogenic	   and	   fossil	   carbon	   partitioning	   in	   the	   production	   of	   synthetic	   natural	   gas,	  	  
Fuel,	  157,	  177-­‐182.	  	  
Paul,	  D.,	  Meijer,	  H.A.J.,	   Intracavity	  Optogalvanic	  Spectroscopy	  is	  not	  suitable	  for	  ambient	  
level	   radiocarbon	   detection.	   Analytical	   Chemistry,	   (in	   press;	   2015),	  
DOI:10.1021/acs.analchem.5b02226.	  
Persson,	   A.,	   Eilers,	   G.,	   Ryderfors,	   L.,	   Mukhtar,	   E.,	   2013.	   Evaluation	   of	   Intracavity	  
Optogalvanic	   Spectroscopy	   for	   Radiocarbon	   Measurements,	   Analytical	   Chemistry,	  
85(14),	  6790-­‐6798.	  
Polach,	  H.A.,	  1992.	  Four	  Decades	  of	  LS	  Counting	  and	  spectrometry.	  in,	  Radiocarbon	  after	  
four	  Decades.	  An	  interdisciplinary	  Perspective.	  (eds)	  Taylor,	  R.E.,	  Long,	  A.	  and	  Kra,	  R.,	  
Springer-­‐Verlag,	  New	  York,	  USA.	  	  
Purser,	   K.H.,	   1992.	   A	   high	   throughput	   14C	   accelerator	  mass	   spectrometer,	  Radiocarbon,	  
34(3),	  458-­‐467.	  
Quarta,	  G.,	  Calcagnile,	  L.,	  Giffoni,	  M.,	  Braione,	  E.,	  D’Elia,	  M.,	  2013.	  Determination	  of	   the	  
biobased	  content	  in	  plastics	  by	  radiocarbon,	  Radiocarbon,	  55(2-­‐3),	  1834-­‐1844.	  
Raber,	  G.	  (2003),	  Bestimmung	  des	  Biomasseanteils	   im	  Brennstoff	  von	  Feuerungs-­‐anlagen	  
anhand	  des	  14C-­‐gehaltes	  im	  Rauchgas,	  Inquiry	  report,	  Institute	  for	  Sustainable	  Waste	  
Management	  and	  Technology,	  University	  of	  Leoben,	  Austria.	  
Reinhardt,	   T.,	   Richers,	   U.,	   Suchomel,	   H.,	   2008.	   Hazardous	  waste	   incineration	   in	   context	  
with	  carbon	  dioxide.	  Waste	  Management	  Research,	  26,	  88-­‐95.	  
Rosenfeld,	   W.D.,	   Silverman,	   S.R.,	   1959.	   Carbon	   isotope	   fractionation	   in	   bacterial	  
production	  of	  methane,	  Science,	  130(3389),	  1658-­‐1659.	  
Schoell,	   M.,	   1980.	   The	   hydrogen	   and	   carbon	   isotopic	   composition	   of	   methane	   from	  
natural	  gases	  of	  various	  origins,	  Geochimica	  et	  Cosmochimica	  Acta,	  44,	  649-­‐661.	  
Scott,	   E.M.,	   Cook,	   G.T.,	   Naysmith	   P.,	   2010.	   The	   fifth	   international	   radiocarbon	  
intercomparison	   (VIRI):	   an	   assessment	   of	   laboratory	   performance	   in	   stage	   3,	  	  
Radiocarbon,	  52(2-­‐3),	  859–865.	  	  
SGS,	   2015.	   Information	   of	   company	   SGS	   B.V.	   about	   14C-­‐based	   biogenic	   carbon	   fraction	  
determination	   for	   customers:	   http://www.sgs.com/en/Environment/Air-­‐Noise-­‐Odor-­‐
and-­‐Vibration/Interpretation-­‐and-­‐Modeling/Climate-­‐Change-­‐Services/Biogenic-­‐CO2-­‐
Emissions.aspx.	  (last	  assessed	  July	  2015).	  	  
Simon,	  H.,	  Rauschenbach	  P.,	  Frey,	  A.,	  1968.	  Unterscheidung	  von	  Gärungsalkohol	  und	  Essig	  
von	  synthetischem	  Material	  durch	  den	  14C-­‐Gehalt,	  Z.	  Lebensm.	  Unters.-­‐Forsch.,	  136,	  
279-­‐284.	  (in	  German)	  
Staber,	  W.,	  Flamme,	  S.,	  Fellner,	  J.,	  2008.	  Methods	  for	  determining	  the	  biomass	  content	  of	  
waste.	  Waste	  Management	  Research,	  26,	  78-­‐87.	  




 Mohn,	  J.,	  Szidat,	  S.,	  Fellner	  J.,	  Rechberger,	  H.,	  Quartier,	  R.,	  Buchmann,	  B.,	  Emmenegger,	  L.,	  
2008.	  Determination	  of	  biogenic	  and	  fossil	  CO2	  emitted	  by	  waste	   incineration	  based	  
on	  14CO2	  and	  mass	  balances.	  Bioresource	  Technology,	  99(14),	  6471-­‐6479.	  
Mohn,	  J.,	  Szidat,	  S.,	  Zeyer,	  K.,	  Emmenegger,	  L.,	  2012.	  Fossil	  and	  biogenic	  CO2	  from	  waste	  
incineration	  based	  on	  a	  yearlong	  radiocarbon	  study.	  Waste	  Management,	  32,	  1516-­‐
1520.	  
Mook,	  W.G.,	  1980.	  The	  effect	  of	  fossil	  fuel	  and	  biogenic	  CO2	  on	  the	  
13C	  and	  14C	  content	  of	  
atmospheric	  carbon	  dioxide,	  Radiocarbon,	  22(2),	  392-­‐397.	  
Mook,	  W.G.,	  Streurman,	  H.-­‐J.,	  1983.	  Physical	  and	  chemical	  aspects	  of	  radiocarbon	  dating,	  
in	  Proceedings	  of	  the	  International	  Groningen	  Symposium	  14C	  and	  Archeology,	  edited	  
by	  W.G.	  Mook,	  and	  H.T.	  Waterbolk,	  PACT	  8,	  pp	  31-­‐55,	  Council	  of	  Europe,	  Strasbourg.	  
Mook,	   W.G.,	   van	   der	   Plicht,	   J.,	   1999.	   Reporting	   14C	   activities	   and	   concentrations,	  
Radiocarbon,	  41(3),	  227-­‐239.	  
Mook,	  W.G.,	  2000.	  Environmental	   isotopes	   in	  the	  hydrological	  cycle.	  Vol.	  1,	   Introduction,	  
principles,	  methods.	  Vienna,	  UNESCO/IAEA,	  255	  p.	  
Murnick,	   D.E.,	   Dogru,	   O.,	   Ilkmen,	   E.,	   2008.	   Intracavity	   optogalvanic	   spectroscopy.	   An	  
analytical	   technique	   for	   C-­‐14	   analysis	   with	   subattomole	   sensitivity.	   Analytical	  
Chemistry,	  80,	  4820–4824.	  
NEN-­‐ISO	   10396	   (2007),	   Stationary	   source	   emissions	   -­‐	   Sampling	   for	   the	   automated	  
determination	  of	  gas	  emission	  concentrations	  for	  permanently	  -­‐	  installed	  monitoring	  
systems,	  International	  Standard	  ISO,	  Geneva,	  p.	  24.	  
Norton,	   G.A.,	   Devlin,	   S.L.,	   2006.	   Determining	   the	   modern	   carbon	   content	   of	   biobased	  
products	  using	  radiocarbon	  analysis,	  Bioresource	  Technology,	  97,	  2084-­‐2090.	  
Norton,	  G.A.,	  Hood,	  D.G.,	  Devlin,	  S.L.,	  2007.	  Accuracy	  of	  radioanalytical	  procedures	  used	  
to	   determine	   the	   biobased	   content	   of	   manufactured	   products,	   Bioresource	  
Technology,	  98,	  1052-­‐1056.	  
Norton,	   G.A.,	   2008.	   Considerations	   regarding	   inorganic	   carbon	   in	   the	   determination	   of	  
‘biobased	   content’	   using	   radiocarbon	   analyses,	   Journal	   of	   Biobased	   Materials	   and	  
Bioenergy,	  2,	  1-­‐3.	  
Palstra,	   S.W.L.,	   Karstens,	   U.,	   Streurman,	   H-­‐J.,	   Meijer,	   H.A.J.,	   2008.	  Wine	   ethanol	   14C	   as	  
tracer	  for	  fossil	  fuel	  CO2	  emissions	  in	  Europe:	  measurements	  and	  model	  comparison,	  
Journal	  of	  Geophysical	  Research,	  113,	  D211302.	  
Palstra,	   S.W.L.,	   Meijer,	   H.A.J.,	   2010.	   Carbon-­‐14	   based	   determination	   of	   the	   biogenic	  
fraction	   of	   industrial	   CO2	   emissions	   –	   Application	   and	   validation,	   Bioresource	  
Technology	  101,	  3702-­‐3710.	  
Palstra,	  S.W.L.,	  Meijer,	  H.A.J.,	  2014.	  Biogenic	  carbon	  fraction	  of	  biogas	  and	  natural	  gas	  fuel	  
mixtures	  determined	  with	  14C,	  Radiocarbon,	  56(1),	  7-­‐28.	  
 
Palstra,	  S.W.L.,	  Rabou,	  L.P.L.M.,	  Meijer,	  H.A.J.,	  2015.	  Radiocarbon-­‐based	  determination	  of	  
biogenic	   and	   fossil	   carbon	   partitioning	   in	   the	   production	   of	   synthetic	   natural	   gas,	  	  
Fuel,	  157,	  177-­‐182.	  	  
Paul,	  D.,	  Meijer,	  H.A.J.,	   Intracavity	  Optogalvanic	  Spectroscopy	  is	  not	  suitable	  for	  ambient	  
level	   radiocarbon	   detection.	   Analytical	   Chemistry,	   (in	   press;	   2015),	  
DOI:10.1021/acs.analchem.5b02226.	  
Persson,	   A.,	   Eilers,	   G.,	   Ryderfors,	   L.,	   Mukhtar,	   E.,	   2013.	   Evaluation	   of	   Intracavity	  
Optogalvanic	   Spectroscopy	   for	   Radiocarbon	   Measurements,	   Analytical	   Chemistry,	  
85(14),	  6790-­‐6798.	  
Polach,	  H.A.,	  1992.	  Four	  Decades	  of	  LS	  Counting	  and	  spectrometry.	  in,	  Radiocarbon	  after	  
four	  Decades.	  An	  interdisciplinary	  Perspective.	  (eds)	  Taylor,	  R.E.,	  Long,	  A.	  and	  Kra,	  R.,	  
Springer-­‐Verlag,	  New	  York,	  USA.	  	  
Purser,	   K.H.,	   1992.	   A	   high	   throughput	   14C	   accelerator	  mass	   spectrometer,	  Radiocarbon,	  
34(3),	  458-­‐467.	  
Quarta,	  G.,	  Calcagnile,	  L.,	  Giffoni,	  M.,	  Braione,	  E.,	  D’Elia,	  M.,	  2013.	  Determination	  of	   the	  
biobased	  content	  in	  plastics	  by	  radiocarbon,	  Radiocarbon,	  55(2-­‐3),	  1834-­‐1844.	  
Raber,	  G.	  (2003),	  Bestimmung	  des	  Biomasseanteils	   im	  Brennstoff	  von	  Feuerungs-­‐anlagen	  
anhand	  des	  14C-­‐gehaltes	  im	  Rauchgas,	  Inquiry	  report,	  Institute	  for	  Sustainable	  Waste	  
Management	  and	  Technology,	  University	  of	  Leoben,	  Austria.	  
Reinhardt,	   T.,	   Richers,	   U.,	   Suchomel,	   H.,	   2008.	   Hazardous	  waste	   incineration	   in	   context	  
with	  carbon	  dioxide.	  Waste	  Management	  Research,	  26,	  88-­‐95.	  
Rosenfeld,	   W.D.,	   Silverman,	   S.R.,	   1959.	   Carbon	   isotope	   fractionation	   in	   bacterial	  
production	  of	  methane,	  Science,	  130(3389),	  1658-­‐1659.	  
Schoell,	   M.,	   1980.	   The	   hydrogen	   and	   carbon	   isotopic	   composition	   of	   methane	   from	  
natural	  gases	  of	  various	  origins,	  Geochimica	  et	  Cosmochimica	  Acta,	  44,	  649-­‐661.	  
Scott,	   E.M.,	   Cook,	   G.T.,	   Naysmith	   P.,	   2010.	   The	   fifth	   international	   radiocarbon	  
intercomparison	   (VIRI):	   an	   assessment	   of	   laboratory	   performance	   in	   stage	   3,	  	  
Radiocarbon,	  52(2-­‐3),	  859–865.	  	  
SGS,	   2015.	   Information	   of	   company	   SGS	   B.V.	   about	   14C-­‐based	   biogenic	   carbon	   fraction	  
determination	   for	   customers:	   http://www.sgs.com/en/Environment/Air-­‐Noise-­‐Odor-­‐
and-­‐Vibration/Interpretation-­‐and-­‐Modeling/Climate-­‐Change-­‐Services/Biogenic-­‐CO2-­‐
Emissions.aspx.	  (last	  assessed	  July	  2015).	  	  
Simon,	  H.,	  Rauschenbach	  P.,	  Frey,	  A.,	  1968.	  Unterscheidung	  von	  Gärungsalkohol	  und	  Essig	  
von	  synthetischem	  Material	  durch	  den	  14C-­‐Gehalt,	  Z.	  Lebensm.	  Unters.-­‐Forsch.,	  136,	  
279-­‐284.	  (in	  German)	  
Staber,	  W.,	  Flamme,	  S.,	  Fellner,	  J.,	  2008.	  Methods	  for	  determining	  the	  biomass	  content	  of	  
waste.	  Waste	  Management	  Research,	  26,	  78-­‐87.	  




 Stuiver,	  M.,	  1983.	  International	  agreements	  and	  the	  use	  of	  the	  new	  oxalic	  acid	  standard,	  
Radiocarbon,	  25(2),	  793-­‐795.	  
Suess,	  H.E.	  (1955),	  Radiocarbon	  concentration	  modern	  wood.	  Science,	  122,	  415-­‐417.	  
“Swindon”.	   Information	  about	  a	  demonstration	  plant	  to	  produce	  SNG	  from	  mixed	  waste	  
materials	   in	   Swindon,	   United	   Kingdom:	   http://www2.nationalgrid.com/UK/Our-­‐
company/Innovation/Gas-­‐distribution-­‐innovation/NIC-­‐Projects/BioSNG/	   (last	  
assessed	  23	  April	  2015).	  
Synal,	  H.-­‐A.,	  2013.	  Developments	  in	  accelerator	  mass	  spectrometry.	  International	  Journal	  
of	  Mass	  Spectrometry,	  349-­‐350,	  192-­‐202.	  
van	  der	  Meijden,	  C.M.,	  Veringa,	  H.J.,	  Rabou,	   L.P.L.M.,	  2010.	  The	  production	  of	   synthetic	  
natural	   gas	   (SNG):	   A	   comparison	   of	   three	   wood	   gasification	   systems	   for	   energy	  
balance	  and	  overall	  efficiency.	  Biomass	  and	  Bioenergy,	  34,	  302-­‐11.	  
van	  der	  Meijden,	  C.M.,	  Sierhuis,	  W.,	  Van	  der	  Drift,	  A.,	  Vreugdenhil,	  B.J.,	  2011.	  Waste	  wood	  
gasification	   in	   an	   allothermal	   gasifier.	   In:	   Proceedings	   19th	   European	   Biomass	  
Conference	  and	  Exhibition,	  Berlin,	  June	  2011,	  p.	  841-­‐845.	  
van	  der	  Plicht,	  J.,	  Wijma,	  S.,	  Aerts,	  A.T.,	  Pertuisot,	  M.H.,	  Meijer,	  H.A.J.,	  2000.	  Status	  report:	  
The	  Groningen	   AMS	   facility.	  Nuclear	   Instruments	   and	  Methods	   in	   Physics	   Research,	  
172(B),	  58-­‐65.	  
Van	   der	   Plicht,	   J.,	   Palstra,	   S.W.L..	   Radiocarbon	   and	  mammoth	   bones:	   what’s	   in	   a	   date.	  
Quarternary	  International,	  in	  press,	  doi	  10.1026/j.quaint.2014.11.027.	  
Weiland,	   P.,	   2010.	   Biogas	   production:	   current	   state	   and	   perspectives,	   Applied	  
Microbiology	  and	  Biotechnology,	  85(4),	  849-­‐860.	  
Whiticar,	  M.J.,	   Faber,	   E.,	   Schoell,	  M.,	   1986.	   Biogenic	  methane	   formation	   in	  marine	   and	  
freshwater	  environments:	  CO2	  reduction	  vs.	  acetate	  fermentation	  –	  Isotope	  evidence,	  
Geochimica	  et	  Cosmochimica	  Acta,	  50(5),	  693-­‐709.	  
Wijma,	  S.,	  Aerts,	  A.T.,	  van	  der	  Plicht,	  J.,	  Zondervan,	  A.,	  1996.	  The	  Groningen	  AMS	  facility,	  
Nuclear	  Instruments	  and	  Methods	  in	  Physics	  Research	  B,	  113(1-­‐4),	  465-­‐469.	  
Zondervan,	   A.,	   Meijer,	   H.A.J.,	   1996.	   Isotopic	   characterisation	   of	   CO2	   sources	   during	  
regional	   pollution	   events	   using	   isotopic	   and	   radiocarbon	   analysis,	   Tellus,	   48B,	   601-­‐
612.	  
Zyakun,	   A.M.,	   Muravyev,	   A.I.,	   Baskunov,	   B.P.,	   Laurinavichius,	   K.S.,	   Zakharchenko,	   V.N.,	  
Peshenko,	  V.P.,	  Lykov,	  I.N.,	  Shestakova,	  G.A.,	  2010.	  Estimation	  of	  microbial	  methane	  
generation	   and	   oxidation	   rates	   in	   the	   municipal	   solid	   waste	   landfill	   of	   Kaluga	   city,	  














Increased	  use	  of	  materials	  based	  on	  fossil	  carbon,	  especially	  the	  combustion	  of	  fossil	  
fuels,	   has	   resulted	   in	   large	   CO2	   emissions	   into	   the	   atmosphere	   over	   the	   last	   century.	  
Because	   CO2	   is	   a	   greenhouse	   gas,	   absorbing	   thermal	   infrared	   radiation,	   the	   increased	  
measured	   temperatures	  on	  Earth	  can	  be	   related	   to	   the	   increased	  concentrations	  of	  CO2	  
and	  also	  other	  greenhouse	  gases	   in	  the	  atmosphere.	  Global	  warming	  can	   induce	  climate	  
changes	  and	  disruption	  of	  ecosystems.	  It	  threats	  life	  of	  Earth	  as	  we	  know	  it	  today	  and	  may	  
have	  a	  great	  impact	  on	  human	  societies	  in	  future	  years.	  	  
International	  policy	  measures	   therefore	   try	   to	   stop	  a	   further	   increase	  of	  greenhouse	  
gas	   emissions.	   One	   of	   these	   measures,	   focused	   on	   CO2	   reduction,	   is	   the	   financial	  
stimulation	  of	  fuels	  and	  products	  from	  biomass-­‐based	  materials.	  Biomass-­‐based	  carbon	  is	  
part	  of	  the	  global	  carbon	  cycle	  and	  its	  uptake	  by	  plants	  and	  its	  release	  by	  anthropogenic	  
activities	   (like	   combustion)	   are	   in	   balance:	   a	   CO2	   neutral	   solution,	   with	   in	   the	   ideal	  
situation	  no	  net	  increase	  of	  atmospheric	  CO2.	  Fossil	  and	  biomass-­‐based	  (‘biogenic’)	  carbon	  
materials	  are	  treated	  differently	  in	  several	  regulations	  and	  because	  of	  financial	  interests,	  
determination	   methods	   are	   needed	   for	   producers	   and	   authorities	   to	   distinguish	   and	  
quantify	   fossil	  and	  biogenic	  carbon	   fractions	   in	   fuels,	   flue	  gas	  CO2	  emissions	  and	  several	  
‘bio-­‐based’	  products.	  	  
The	   most	   specific	   tracer	   for	   biogenic	   and	   fossil	   carbon	   fractions	   is	   the	   radioactive	  
carbon	  isotope	  14C.	  Fossil	  carbon	  is	  millions	  of	  years	  old	  and	  contains	  no	  14C	  anymore	  due	  
to	   radioactive	  decay	   (the	  half-­‐life	  of	   14C	   is	  5730	  yr.).	  Measuring	   the	   14C	  amount	  of	   fossil	  
carbon	  would	  yield	  a	  zero,	  that	  is	  background	  value.	  This	  represents	  0%	  biogenic	  carbon.	  
14C	  measurement	  of	  carbon	  from	  biogenic	  material	  on	  the	  other	  hand,	  gives	  a	  certain	  14C	  
value.	  This	  value	  represents	  100%	  biogenic	  carbon.	  Mixtures	  of	  fossil	  and	  biogenic	  carbon	  
show	  14C	  values	  proportional	  to	  the	  fraction	  of	  biogenic	  carbon,	  between	  the	  zero-­‐value	  of	  
0%	  biogenic	  carbon	  and	  the	  14C	  value	  of	  100%	  biogenic	  carbon.	  To	  calculate	  the	  biogenic	  
carbon	  fraction,	  the	  14C	  value	  of	  a	  sample	  material	  (14Csample)	   is	  measured	  and	  divided	  by	  
the	  14C	  value	  representing	  100%	  biogenic	  carbon	  (14Cbio):	  fCbio	  =	  
14Csample/
14Cbio.	  
14C-­‐based	  methods	   to	   determine	   biogenic	   carbon	   fractions	   have	   been	   applied	   since	  
the	   1950s	   for	   different	   applications,	   such	   as	   aerosol	   research	   and	   food	   authentication.	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Increased	  use	  of	  materials	  based	  on	  fossil	  carbon,	  especially	  the	  combustion	  of	  fossil	  
fuels,	   has	   resulted	   in	   large	   CO2	   emissions	   into	   the	   atmosphere	   over	   the	   last	   century.	  
Because	   CO2	   is	   a	   greenhouse	   gas,	   absorbing	   thermal	   infrared	   radiation,	   the	   increased	  
measured	   temperatures	  on	  Earth	  can	  be	   related	   to	   the	   increased	  concentrations	  of	  CO2	  
and	  also	  other	  greenhouse	  gases	   in	  the	  atmosphere.	  Global	  warming	  can	   induce	  climate	  
changes	  and	  disruption	  of	  ecosystems.	  It	  threats	  life	  of	  Earth	  as	  we	  know	  it	  today	  and	  may	  
have	  a	  great	  impact	  on	  human	  societies	  in	  future	  years.	  	  
International	  policy	  measures	   therefore	   try	   to	   stop	  a	   further	   increase	  of	  greenhouse	  
gas	   emissions.	   One	   of	   these	   measures,	   focused	   on	   CO2	   reduction,	   is	   the	   financial	  
stimulation	  of	  fuels	  and	  products	  from	  biomass-­‐based	  materials.	  Biomass-­‐based	  carbon	  is	  
part	  of	  the	  global	  carbon	  cycle	  and	  its	  uptake	  by	  plants	  and	  its	  release	  by	  anthropogenic	  
activities	   (like	   combustion)	   are	   in	   balance:	   a	   CO2	   neutral	   solution,	   with	   in	   the	   ideal	  
situation	  no	  net	  increase	  of	  atmospheric	  CO2.	  Fossil	  and	  biomass-­‐based	  (‘biogenic’)	  carbon	  
materials	  are	  treated	  differently	  in	  several	  regulations	  and	  because	  of	  financial	  interests,	  
determination	   methods	   are	   needed	   for	   producers	   and	   authorities	   to	   distinguish	   and	  
quantify	   fossil	  and	  biogenic	  carbon	   fractions	   in	   fuels,	   flue	  gas	  CO2	  emissions	  and	  several	  
‘bio-­‐based’	  products.	  	  
The	   most	   specific	   tracer	   for	   biogenic	   and	   fossil	   carbon	   fractions	   is	   the	   radioactive	  
carbon	  isotope	  14C.	  Fossil	  carbon	  is	  millions	  of	  years	  old	  and	  contains	  no	  14C	  anymore	  due	  
to	   radioactive	  decay	   (the	  half-­‐life	  of	   14C	   is	  5730	  yr.).	  Measuring	   the	   14C	  amount	  of	   fossil	  
carbon	  would	  yield	  a	  zero,	  that	  is	  background	  value.	  This	  represents	  0%	  biogenic	  carbon.	  
14C	  measurement	  of	  carbon	  from	  biogenic	  material	  on	  the	  other	  hand,	  gives	  a	  certain	  14C	  
value.	  This	  value	  represents	  100%	  biogenic	  carbon.	  Mixtures	  of	  fossil	  and	  biogenic	  carbon	  
show	  14C	  values	  proportional	  to	  the	  fraction	  of	  biogenic	  carbon,	  between	  the	  zero-­‐value	  of	  
0%	  biogenic	  carbon	  and	  the	  14C	  value	  of	  100%	  biogenic	  carbon.	  To	  calculate	  the	  biogenic	  
carbon	  fraction,	  the	  14C	  value	  of	  a	  sample	  material	  (14Csample)	   is	  measured	  and	  divided	  by	  
the	  14C	  value	  representing	  100%	  biogenic	  carbon	  (14Cbio):	  fCbio	  =	  
14Csample/
14Cbio.	  
14C-­‐based	  methods	   to	   determine	   biogenic	   carbon	   fractions	   have	   been	   applied	   since	  
the	   1950s	   for	   different	   applications,	   such	   as	   aerosol	   research	   and	   food	   authentication.	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 More	  recently	  (since	  approximately	  10	  years),	  the	  14C-­‐based	  methods	  are	  also	  applied	  to	  
different	   fuels	   and	   flue	   gas	   CO2	   to	   distinguish	   fossil	   and	   biogenic	   carbon	   in	   these	  
materials.	   Although	   the	   principle	   of	   the	   14C-­‐based	   methods	   is	   very	   straightforward,	  
different	  factors	  within	  the	  methods	  can	  affect	  the	  size	  of	  the	  calculated	  biogenic	  carbon	  
fraction	   value	   and	   thus	   can	   cause	   anomalies	   in	   the	   final	   obtained	   result.	   This	   differs	  
between	  different	  sample	  materials	  and	  also	  depends	  on	  the	  size	  of	  the	  biogenic	  carbon	  
fraction	   in	   the	   sample.	   For	   optimal	   application	   of	   the	   14C-­‐based	   methods	   for	   different	  
materials,	  those	  factors	  affecting	  the	  final	  result	  and	  their	  uncertainties	  need	  to	  be	  known	  
and,	  if	  required	  for	  the	  specific	  application,	  taken	  into	  account	  and/or	  minimized.	  	  
The	  main	  aim	  of	  the	  research	  described	  in	  this	  thesis	  was	  to	  gain	  knowledge	  about	  the	  
application	   of	   the	   14C	   method	   for	   different	   flue	   gases	   and	   fuels	   and	   to	   identify	   and	  
quantify	  the	  main	  factors	  influencing	  the	  accuracy	  of	  calculated	  biogenic	  carbon	  fractions.	  	  
	  
14C-­‐based	  method	  for	  flue	  gas	  
In	  a	  first	  study,	  the	  application	  of	  a	  14C-­‐based	  method	  was	  investigated	  for	  flue	  gas	  CO2	  
samples	  taken	  from	  a	  power	  plant	  and	  a	  waste	  incineration	  plant	  in	  cooperation	  with	  the	  
Dutch	  energy	  company	  Essent	  (RWE).	  At	  the	  power	  plant,	  coal	  mixed	  with	  biomass	  (wood	  
pellets)	  was	  combusted.	  The	  biogenic	  carbon	  fraction	  of	  the	  combusted	  fuels	  in	  the	  power	  
plant	   was	   known	   and	   the	   investigated	   14C-­‐based	   biogenic	   carbon	   fractions	   could	   be	  
verified	   with	   these	   data.	   This	   kind	   of	   verification	   of	   the	   14C	   method	   for	   flue	   gas	   CO2	  
samples	  was	  not	  published	  before.	  The	  flue	  gas	  CO2	  was	  sampled	  in	  cooperation	  with	  ECN.	  
An	  ECN-­‐sampler	  was	  used	   in	  which	   the	  CO2	  was	   trapped	   in	  an	  alkaline	  solution	   (NaOH).	  
Another	  series	  of	  flue	  gas	  samples	  were	  sampled	  with	  the	  same	  sampler	  at	  a	  Dutch	  waste	  
incineration	  plant.	  Variable	  waste	  materials,	  mainly	  municipal	  waste,	  were	  combusted	  at	  
this	  incineration	  plant.	  The	  biogenic	  carbon	  fraction	  of	  the	  waste	  materials	  at	  this	  specific	  
plant	  was	  estimated	   to	  be	  approximately	  50%,	  but	  had	  not	  been	  verified	  before	  due	   to	  
the	  lack	  of	  suitable	  determination	  methods.	  	  	  
The	  14C-­‐based	  biogenic	  carbon	  fractions	  as	  determined	  at	  the	  power	  plant	  were	  10%	  at	  
the	   first	   day	   and	   dropped	   to	   5%	   on	   the	   second	   day	   after	   malfunction	   of	   one	   of	   two	  
biomass	  suppliers.	  This	  decrease	  in	  biogenic	  carbon	  fraction	  was	  directly	  visible	  in	  the	  14C	  
signature	  of	  the	  sampled	  flue	  gas	  CO2.	  The	  
14C-­‐based	  results	  showed	  excellent	  comparison	  
with	  the	  biogenic	  carbon	  fractions	  as	  calculated	  based	  on	  biogenic	  and	  fossil	  carbon	  mass	  
input	  and	  output	  data	  of	  the	  power	  plant.	  The	  biogenic	  carbon	  fraction	  determined	  in	  the	  
combusted	  waste	  materials	  varied	  between	  46	  and	  51%.	  	  
The	   14C-­‐based	   results	  of	   the	  power	  plant	   showed	  that	   the	  method	  as	  applied	   to	   flue	  
gas	   CO2	   samples,	   gives	   biogenic	   carbon	   fraction	   results	   that	   reflect	   the	   compositions	   of	  
the	   combusted	   fuel/materials	   with	   high	   temporal	   resolution.	   Hence,	   the	   observed	  
variation	   in	   the	   biogenic	   carbon	   fractions	   of	   the	   waste	   incineration	   plant	   samples	   was	  
most	   likely	   due	   to	   biogenic	   carbon	   variations	   in	   the	   combusted	   waste	   materials.	  
 
Combined	  with	   the	   observed	   close	   agreement	   of	   the	   14C-­‐based	   results	  with	   the	   known	  
biogenic	  and	  fossil	  carbon	  data	  of	  the	  power	  plant,	   this	  study	  showed	  the	  reliability	  and	  
the	  sensitivity	  of	  the	  14C	  method	  applied	  to	  flue	  gas	  CO2.	   It	  also	  showed	  the	  factors	  that	  
should	  be	   taken	   into	  account	   in	   the	   calculations	   for	   these	  particular	   samples:	   (possible)	  
CO2	   contamination	   during	   sampling	   and	   contribution	   of	   (combustion)	   air	   CO2	   if	   the	  
biogenic	  carbon	  fraction	  is	  <10%.	  
	  
	  14C-­‐based	  method	  for	  biogas	  and	  mixtures	  of	  biogas	  and	  natural	  gas	  
In	   a	   second	   project,	   part	   of	   the	   Energy	   Delta	   Gas	   Research	   (EDGaR)	   subproject	   A2	  
“Agate-­‐1”,	  the	  application	  of	  a	  14C-­‐based	  method	  was	  investigated	  for	  raw	  biogas	  samples	  
and	  for	  carbon	  mixtures	  from	  biogas	  methane	  and	  natural	  gas	  methane.	  The	  focus	  of	  the	  
research	   was	   on	   the	   variation	   and	   uncertainties	   in	   the	   14C	   reference	   values	   for	   100%	  
biogenic	   carbon	   (14Cbio)	   and	   on	   quantification	   of	   anomalies	   in	   the	   determined	  
14Csample	  
values	   related	   to	   the	   applied	   isotope	   fractionation	   correction	   method.	   For	   the	   latter	  
investigations,	   differences	   in	   δ13C	   values	   between	   biogas-­‐CH4	   and	   natural	   gas	   samples	  
were	  of	  interest.	  δ13C	  and	  14C	  values	  were	  determined	  in	  eight	  raw	  biogases	  from	  different	  
digestion	   plants	   and	   in	   three	   different	   natural	   gas	   samples.	   For	   these	   carbon	   isotope	  
measurements	  the	  CO2	  and	  CH4	  fractions	  in	  each	  raw	  biogas	  sample	  were	  first	  separated	  
and	  the	  CH4	  fraction	  was	  combusted	  to	  CO2.	  The	  natural	  gas	  samples	  were	  combusted	  to	  
CO2	  and	  then	  measured	  on	  carbon	  isotopes	  as	  well.	  	  
The	  measured	   14C	   values	  of	   the	   raw	  biogases	  were	  between	  102	   and	  116	  pMC.	   The	  
variation	   is	   related	   to	  differences	  between	  biomass	  materials	   their	   time	  of	   growth,	   and	  
thus	   in	   the	   average	   time	   period	   they	   have	   been	   taking	   up	   atmospheric	   CO2.	  
14Cbio	   is	  
therefore	  not	  a	  constant	  value	  for	  biogases	  and	  must	  thus	  be	  approximated.	  To	  minimize	  
the	   uncertainty	   and	   systematic	   errors	   in	   approximated	   14Cbio	   values,	   an	   approach	   was	  
proposed	  in	  which	  different	  types	  of	  biogases	  are	  divided	  into	  groups	  with	  different	  14Cbio	  
values	  and	  uncertainties.	  This	  group	  division	  was	  based	  on	  average	  time	  periods	  of	  growth	  
(atmospheric	   CO2	   uptake)	   of	   the	   biomass	   materials	   used	   in	   the	   production	   of	   the	  
particular	   group	   of	   biogases.	   With	   this	   approach	   the	   absolute	   uncertainty	   in	   the	  
determined	  biogenic	  carbon	  fraction	  is	  between	  ±0.5%	  and	  ±3.5%,	  depending	  of	  the	  type	  
of	  biogas.	  
The	  measured	  δ13C	  values	  of	  the	  raw	  biogases	  were	  between	  -­‐6‰	  and	  +31‰	  for	  the	  
CO2	   fraction	   of	   the	   gases	   and	   between	   -­‐28‰	   and	   -­‐62‰	   for	   the	   CH4	   fractions.	   This	  
difference	   in	   the	   values	   between	   CO2	   and	   CH4	   is	   due	   to	   isotope	   fractionation;	   it	   also	  
affects	   measured	   14C	   values	   and	   should	   be	   corrected	   for.	   If,	   however,	   a	   correction	   for	  
isotope	   fractionation	   is	   applied,	   it	   can	   still	   introduce	   systematic	   errors	   in	   the	   calculated	  
biogenic	  carbon	  fraction.	  This	   is	   the	  case	   if	   the	   fossil	  δ13C	  contribution	  has	  not	  been	   left	  
out	  in	  the	  applied	  isotope	  fractionation	  correction	  method	  and	  the	  biogenic	  and	  fossil	  δ13C	  
values	  differ	  considerably.	  The	  absolute	  error	   in	   the	  biogenic	  carbon	   fraction	   is	  maximal	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 More	  recently	  (since	  approximately	  10	  years),	  the	  14C-­‐based	  methods	  are	  also	  applied	  to	  
different	   fuels	   and	   flue	   gas	   CO2	   to	   distinguish	   fossil	   and	   biogenic	   carbon	   in	   these	  
materials.	   Although	   the	   principle	   of	   the	   14C-­‐based	   methods	   is	   very	   straightforward,	  
different	  factors	  within	  the	  methods	  can	  affect	  the	  size	  of	  the	  calculated	  biogenic	  carbon	  
fraction	   value	   and	   thus	   can	   cause	   anomalies	   in	   the	   final	   obtained	   result.	   This	   differs	  
between	  different	  sample	  materials	  and	  also	  depends	  on	  the	  size	  of	  the	  biogenic	  carbon	  
fraction	   in	   the	   sample.	   For	   optimal	   application	   of	   the	   14C-­‐based	   methods	   for	   different	  
materials,	  those	  factors	  affecting	  the	  final	  result	  and	  their	  uncertainties	  need	  to	  be	  known	  
and,	  if	  required	  for	  the	  specific	  application,	  taken	  into	  account	  and/or	  minimized.	  	  
The	  main	  aim	  of	  the	  research	  described	  in	  this	  thesis	  was	  to	  gain	  knowledge	  about	  the	  
application	   of	   the	   14C	   method	   for	   different	   flue	   gases	   and	   fuels	   and	   to	   identify	   and	  
quantify	  the	  main	  factors	  influencing	  the	  accuracy	  of	  calculated	  biogenic	  carbon	  fractions.	  	  
	  
14C-­‐based	  method	  for	  flue	  gas	  
In	  a	  first	  study,	  the	  application	  of	  a	  14C-­‐based	  method	  was	  investigated	  for	  flue	  gas	  CO2	  
samples	  taken	  from	  a	  power	  plant	  and	  a	  waste	  incineration	  plant	  in	  cooperation	  with	  the	  
Dutch	  energy	  company	  Essent	  (RWE).	  At	  the	  power	  plant,	  coal	  mixed	  with	  biomass	  (wood	  
pellets)	  was	  combusted.	  The	  biogenic	  carbon	  fraction	  of	  the	  combusted	  fuels	  in	  the	  power	  
plant	   was	   known	   and	   the	   investigated	   14C-­‐based	   biogenic	   carbon	   fractions	   could	   be	  
verified	   with	   these	   data.	   This	   kind	   of	   verification	   of	   the	   14C	   method	   for	   flue	   gas	   CO2	  
samples	  was	  not	  published	  before.	  The	  flue	  gas	  CO2	  was	  sampled	  in	  cooperation	  with	  ECN.	  
An	  ECN-­‐sampler	  was	  used	   in	  which	   the	  CO2	  was	   trapped	   in	  an	  alkaline	  solution	   (NaOH).	  
Another	  series	  of	  flue	  gas	  samples	  were	  sampled	  with	  the	  same	  sampler	  at	  a	  Dutch	  waste	  
incineration	  plant.	  Variable	  waste	  materials,	  mainly	  municipal	  waste,	  were	  combusted	  at	  
this	  incineration	  plant.	  The	  biogenic	  carbon	  fraction	  of	  the	  waste	  materials	  at	  this	  specific	  
plant	  was	  estimated	   to	  be	  approximately	  50%,	  but	  had	  not	  been	  verified	  before	  due	   to	  
the	  lack	  of	  suitable	  determination	  methods.	  	  	  
The	  14C-­‐based	  biogenic	  carbon	  fractions	  as	  determined	  at	  the	  power	  plant	  were	  10%	  at	  
the	   first	   day	   and	   dropped	   to	   5%	   on	   the	   second	   day	   after	   malfunction	   of	   one	   of	   two	  
biomass	  suppliers.	  This	  decrease	  in	  biogenic	  carbon	  fraction	  was	  directly	  visible	  in	  the	  14C	  
signature	  of	  the	  sampled	  flue	  gas	  CO2.	  The	  
14C-­‐based	  results	  showed	  excellent	  comparison	  
with	  the	  biogenic	  carbon	  fractions	  as	  calculated	  based	  on	  biogenic	  and	  fossil	  carbon	  mass	  
input	  and	  output	  data	  of	  the	  power	  plant.	  The	  biogenic	  carbon	  fraction	  determined	  in	  the	  
combusted	  waste	  materials	  varied	  between	  46	  and	  51%.	  	  
The	   14C-­‐based	   results	  of	   the	  power	  plant	   showed	  that	   the	  method	  as	  applied	   to	   flue	  
gas	   CO2	   samples,	   gives	   biogenic	   carbon	   fraction	   results	   that	   reflect	   the	   compositions	   of	  
the	   combusted	   fuel/materials	   with	   high	   temporal	   resolution.	   Hence,	   the	   observed	  
variation	   in	   the	   biogenic	   carbon	   fractions	   of	   the	   waste	   incineration	   plant	   samples	   was	  
most	   likely	   due	   to	   biogenic	   carbon	   variations	   in	   the	   combusted	   waste	   materials.	  
 
Combined	  with	   the	   observed	   close	   agreement	   of	   the	   14C-­‐based	   results	  with	   the	   known	  
biogenic	  and	  fossil	  carbon	  data	  of	  the	  power	  plant,	   this	  study	  showed	  the	  reliability	  and	  
the	  sensitivity	  of	  the	  14C	  method	  applied	  to	  flue	  gas	  CO2.	   It	  also	  showed	  the	  factors	  that	  
should	  be	   taken	   into	  account	   in	   the	   calculations	   for	   these	  particular	   samples:	   (possible)	  
CO2	   contamination	   during	   sampling	   and	   contribution	   of	   (combustion)	   air	   CO2	   if	   the	  
biogenic	  carbon	  fraction	  is	  <10%.	  
	  
	  14C-­‐based	  method	  for	  biogas	  and	  mixtures	  of	  biogas	  and	  natural	  gas	  
In	   a	   second	   project,	   part	   of	   the	   Energy	   Delta	   Gas	   Research	   (EDGaR)	   subproject	   A2	  
“Agate-­‐1”,	  the	  application	  of	  a	  14C-­‐based	  method	  was	  investigated	  for	  raw	  biogas	  samples	  
and	  for	  carbon	  mixtures	  from	  biogas	  methane	  and	  natural	  gas	  methane.	  The	  focus	  of	  the	  
research	   was	   on	   the	   variation	   and	   uncertainties	   in	   the	   14C	   reference	   values	   for	   100%	  
biogenic	   carbon	   (14Cbio)	   and	   on	   quantification	   of	   anomalies	   in	   the	   determined	  
14Csample	  
values	   related	   to	   the	   applied	   isotope	   fractionation	   correction	   method.	   For	   the	   latter	  
investigations,	   differences	   in	   δ13C	   values	   between	   biogas-­‐CH4	   and	   natural	   gas	   samples	  
were	  of	  interest.	  δ13C	  and	  14C	  values	  were	  determined	  in	  eight	  raw	  biogases	  from	  different	  
digestion	   plants	   and	   in	   three	   different	   natural	   gas	   samples.	   For	   these	   carbon	   isotope	  
measurements	  the	  CO2	  and	  CH4	  fractions	  in	  each	  raw	  biogas	  sample	  were	  first	  separated	  
and	  the	  CH4	  fraction	  was	  combusted	  to	  CO2.	  The	  natural	  gas	  samples	  were	  combusted	  to	  
CO2	  and	  then	  measured	  on	  carbon	  isotopes	  as	  well.	  	  
The	  measured	   14C	   values	  of	   the	   raw	  biogases	  were	  between	  102	   and	  116	  pMC.	   The	  
variation	   is	   related	   to	  differences	  between	  biomass	  materials	   their	   time	  of	   growth,	   and	  
thus	   in	   the	   average	   time	   period	   they	   have	   been	   taking	   up	   atmospheric	   CO2.	  
14Cbio	   is	  
therefore	  not	  a	  constant	  value	  for	  biogases	  and	  must	  thus	  be	  approximated.	  To	  minimize	  
the	   uncertainty	   and	   systematic	   errors	   in	   approximated	   14Cbio	   values,	   an	   approach	   was	  
proposed	  in	  which	  different	  types	  of	  biogases	  are	  divided	  into	  groups	  with	  different	  14Cbio	  
values	  and	  uncertainties.	  This	  group	  division	  was	  based	  on	  average	  time	  periods	  of	  growth	  
(atmospheric	   CO2	   uptake)	   of	   the	   biomass	   materials	   used	   in	   the	   production	   of	   the	  
particular	   group	   of	   biogases.	   With	   this	   approach	   the	   absolute	   uncertainty	   in	   the	  
determined	  biogenic	  carbon	  fraction	  is	  between	  ±0.5%	  and	  ±3.5%,	  depending	  of	  the	  type	  
of	  biogas.	  
The	  measured	  δ13C	  values	  of	  the	  raw	  biogases	  were	  between	  -­‐6‰	  and	  +31‰	  for	  the	  
CO2	   fraction	   of	   the	   gases	   and	   between	   -­‐28‰	   and	   -­‐62‰	   for	   the	   CH4	   fractions.	   This	  
difference	   in	   the	   values	   between	   CO2	   and	   CH4	   is	   due	   to	   isotope	   fractionation;	   it	   also	  
affects	   measured	   14C	   values	   and	   should	   be	   corrected	   for.	   If,	   however,	   a	   correction	   for	  
isotope	   fractionation	   is	   applied,	   it	   can	   still	   introduce	   systematic	   errors	   in	   the	   calculated	  
biogenic	  carbon	  fraction.	  This	   is	   the	  case	   if	   the	   fossil	  δ13C	  contribution	  has	  not	  been	   left	  
out	  in	  the	  applied	  isotope	  fractionation	  correction	  method	  and	  the	  biogenic	  and	  fossil	  δ13C	  
values	  differ	  considerably.	  The	  absolute	  error	   in	   the	  biogenic	  carbon	   fraction	   is	  maximal	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 ±2.5%.	  This	  happens	  if	  the	  biogenic	  carbon	  fraction	  is	  50%	  and	  the	  difference	  between	  the	  
biogenic	   and	   fossil	   δ13C	   values	   in	   the	   sample	   material	   is	   50‰	   (which	   is	   about	   the	  
maximum	  value	  that	  can	  occur).	  
	  
	  14C-­‐based	   method	   for	   biogenic	   and	   fossil	   carbon	   partitioning	   of	   a	   SNG	   production	  
process	  
In	  a	  third	  project,	  in	  cooperation	  with	  ECN	  and	  as	  part	  of	  “EDGaR	  Agate	  1”	  as	  well,	  the	  
application	  of	  the	  14C	  method	  was	  demonstrated	  for	  the	  investigation	  of	  bio-­‐fossil	  carbon	  
partitioning	  in	  the	  production	  process	  of	  Synthetic	  Natural	  Gas	  (SNG).	  In	  the	  applied	  SNG	  
production	   process	   of	   ECN,	   solid	   input	  material	   was	   first	   converted	   in	   a	   gasifier	   to	   so-­‐
called	  “producer	  gas”	  and	  a	  solid	  carbon-­‐rich	  residue	  (char).	  The	  char	  was	  combusted	  with	  
air,	  giving	  flue	  gas	  with	  CO2	  and	  heat.	  After	  removal	  of	  tar,	  dust,	  sulphur	  and	  water,	  the	  
producer	  gas	  was	  converted	  into	  approximately	  48%	  v/v	  CO2	  and	  40%	  v/v	  CH4	  (‘raw	  SNG’)	  
in	  two	  methanation	  reactors	  with	  nickel	  catalysts.	  To	  investigate	  carbon	  partitioning,	  flue	  
gas	  CO2	  and	  raw	  SNG	  were	  sampled	  in	  gasbags.	  The	  δ
13C	  and	  14C	  values	  were	  determined	  
for	  flue	  gas	  CO2,	  raw	  SNG	  and	  for	  the	  separated	  CO2	  and	  CH4	  fractions	  of	  raw	  SNG.	  First,	  
wood	   particles	   were	   used	   as	   input	   material	   to	   investigate	   the	   14C-­‐homogeneity	   of	   the	  
wood	   material	   and	   to	   investigate	   changes	   in	   carbon	   isotope	   signatures	   in	   the	   SNG	  
production	  process	  for	  100%	  biogenic	  carbon	  input.	  Then	  a	  75%	  biogenic	  carbon	  mixture	  
of	  wood	  and	  (fossil)	  lignite	  was	  used	  as	  input	  material.	  
The	  measured	   14C	   values	  were	   similar	   for	   all	   investigated	  wood-­‐based	   samples.	   This	  
demonstrated	   that	   the	   same	   carbon	   sources,	   from	   the	   same	   input	  material,	   end	   up	   in	  
both	   flue	   gas	   CO2	   and	   raw	   SNG	   during	   the	   applied	   SNG	   production	   process:	   no	   other	  
materials	  used	  in	  the	  combustion	  process	  or	  in	  the	  production	  process	  had	  contributed	  to	  
the	  carbon	  content	  in	  the	  flue	  gas	  and	  the	  raw	  SNG.	  The	  14C	  values	  of	  the	  flue	  gas	  CO2	  and	  
raw	  SNG	  with	  75%	  biogenic	  carbon	  input	  were	  not	  similar:	  the	  biogenic	  carbon	  fraction	  of	  
the	  flue	  gas	  CO2	  was	  only	  38%,	  whereas	  for	  the	  raw	  SNG	  and	  its	  CO2	  and	  CH4	  fractions	  it	  
was	  89%.	  This	  indicates	  bio-­‐fossil	  carbon	  partitioning	  during	  the	  conversion	  of	  the	  specific	  
input	  material	  (wood	  with	  lignite)	  to	  producer	  gas	  and	  char	  in	  the	  applied	  SNG	  production	  
set	   up	   (specific	   gasification	   method).	   Because	   of	   differences	   in	   volatility	   between	   the	  
biogenic	   and	   fossil	   input	  materials,	   relatively	  more	   biogenic	   carbon	  was	   converted	   into	  
producer	  gas	  and	  more	  fossil	  carbon	  to	  char.	  This	  case	  demonstrates	  the	  usefulness	  of	  the	  
applied	   14C-­‐based	  method	   in	   quantifying	   the	   biogenic	   and	   fossil	   carbon	   composition	   at	  
different	  stages	  of	  a	  production	  process.	  
	  
The	  application	  of	  the	  14C-­‐based	  methods	  for	  research	  and	  routine	  measurements	  
In	  the	  final	  chapter	  of	  this	  thesis	  (chapter	  5),	  the	  current	  and	  future	  applications	  of	  14C-­‐
based	  methods	  for	  flue	  gases,	  fuels	  and	  also	  other	  materials	  are	  discussed.	  A	  new	  group	  
of	   users	   of	   14C-­‐based	   method	   can	   be	   identified	   who	   do	   not	   have	   experience	   with	   14C	  
 
research.	  New	   international	   standards	   implement	   14C-­‐based	  methods	   for	   these	  users	   as	  
simple	   routine	   methods	   to	   quantify	   the	   biogenic	   carbon	   fraction	   for	   a	   wide	   range	   of	  
sample	  materials.	   However,	   14C-­‐based	  methods	   are	   only	   at	   their	   best	   if	   sample-­‐specific	  
approaches	   are	   applied	   which	   take	   into	   account	   those	   factors	   influencing	   the	   biogenic	  
carbon	   fraction	  determination.	   The	  new	  user	   group	  prefers	   accredited	   laboratories	   (ISO	  
17025),	  while	  almost	  all	  14C	  laboratories	  experienced	  with	  14C-­‐based	  methods	  for	  bio-­‐fossil	  
carbon	  measurement	  are	  not.	  This	  gives	  an	   intriguing	  mixture	  of	  different	   interests:	   the	  
interest	  of	   just	  knowing	  a	  number,	  not	  necessarily	  accurate	  but	  produced	  according	  to	  a	  
standard	  procedure,	  or	   the	  use	  of	  a	  number	   that	   is	  as	  accurate	  as	  possible	   to	  get	  more	  
insight	  into	  a	  product	  or	  process.	  
The	  final	  conclusion	  of	  the	  thesis	  is	  that	  14C-­‐based	  methods	  can	  also	  be	  used	  very	  well	  
to	   identify	   and	   quantify	   biogenic	   carbon	   fractions	   in	   new	   bio-­‐based	   products	   and	   to	  
investigate	   (chemical)	   processes,	   especially	   if	   these	   methods	   are	   applied	   in	   their	   best	  




























 ±2.5%.	  This	  happens	  if	  the	  biogenic	  carbon	  fraction	  is	  50%	  and	  the	  difference	  between	  the	  
biogenic	   and	   fossil	   δ13C	   values	   in	   the	   sample	   material	   is	   50‰	   (which	   is	   about	   the	  
maximum	  value	  that	  can	  occur).	  
	  
	  14C-­‐based	   method	   for	   biogenic	   and	   fossil	   carbon	   partitioning	   of	   a	   SNG	   production	  
process	  
In	  a	  third	  project,	  in	  cooperation	  with	  ECN	  and	  as	  part	  of	  “EDGaR	  Agate	  1”	  as	  well,	  the	  
application	  of	  the	  14C	  method	  was	  demonstrated	  for	  the	  investigation	  of	  bio-­‐fossil	  carbon	  
partitioning	  in	  the	  production	  process	  of	  Synthetic	  Natural	  Gas	  (SNG).	  In	  the	  applied	  SNG	  
production	   process	   of	   ECN,	   solid	   input	  material	   was	   first	   converted	   in	   a	   gasifier	   to	   so-­‐
called	  “producer	  gas”	  and	  a	  solid	  carbon-­‐rich	  residue	  (char).	  The	  char	  was	  combusted	  with	  
air,	  giving	  flue	  gas	  with	  CO2	  and	  heat.	  After	  removal	  of	  tar,	  dust,	  sulphur	  and	  water,	  the	  
producer	  gas	  was	  converted	  into	  approximately	  48%	  v/v	  CO2	  and	  40%	  v/v	  CH4	  (‘raw	  SNG’)	  
in	  two	  methanation	  reactors	  with	  nickel	  catalysts.	  To	  investigate	  carbon	  partitioning,	  flue	  
gas	  CO2	  and	  raw	  SNG	  were	  sampled	  in	  gasbags.	  The	  δ
13C	  and	  14C	  values	  were	  determined	  
for	  flue	  gas	  CO2,	  raw	  SNG	  and	  for	  the	  separated	  CO2	  and	  CH4	  fractions	  of	  raw	  SNG.	  First,	  
wood	   particles	   were	   used	   as	   input	   material	   to	   investigate	   the	   14C-­‐homogeneity	   of	   the	  
wood	   material	   and	   to	   investigate	   changes	   in	   carbon	   isotope	   signatures	   in	   the	   SNG	  
production	  process	  for	  100%	  biogenic	  carbon	  input.	  Then	  a	  75%	  biogenic	  carbon	  mixture	  
of	  wood	  and	  (fossil)	  lignite	  was	  used	  as	  input	  material.	  
The	  measured	   14C	   values	  were	   similar	   for	   all	   investigated	  wood-­‐based	   samples.	   This	  
demonstrated	   that	   the	   same	   carbon	   sources,	   from	   the	   same	   input	  material,	   end	   up	   in	  
both	   flue	   gas	   CO2	   and	   raw	   SNG	   during	   the	   applied	   SNG	   production	   process:	   no	   other	  
materials	  used	  in	  the	  combustion	  process	  or	  in	  the	  production	  process	  had	  contributed	  to	  
the	  carbon	  content	  in	  the	  flue	  gas	  and	  the	  raw	  SNG.	  The	  14C	  values	  of	  the	  flue	  gas	  CO2	  and	  
raw	  SNG	  with	  75%	  biogenic	  carbon	  input	  were	  not	  similar:	  the	  biogenic	  carbon	  fraction	  of	  
the	  flue	  gas	  CO2	  was	  only	  38%,	  whereas	  for	  the	  raw	  SNG	  and	  its	  CO2	  and	  CH4	  fractions	  it	  
was	  89%.	  This	  indicates	  bio-­‐fossil	  carbon	  partitioning	  during	  the	  conversion	  of	  the	  specific	  
input	  material	  (wood	  with	  lignite)	  to	  producer	  gas	  and	  char	  in	  the	  applied	  SNG	  production	  
set	   up	   (specific	   gasification	   method).	   Because	   of	   differences	   in	   volatility	   between	   the	  
biogenic	   and	   fossil	   input	  materials,	   relatively	  more	   biogenic	   carbon	  was	   converted	   into	  
producer	  gas	  and	  more	  fossil	  carbon	  to	  char.	  This	  case	  demonstrates	  the	  usefulness	  of	  the	  
applied	   14C-­‐based	  method	   in	   quantifying	   the	   biogenic	   and	   fossil	   carbon	   composition	   at	  
different	  stages	  of	  a	  production	  process.	  
	  
The	  application	  of	  the	  14C-­‐based	  methods	  for	  research	  and	  routine	  measurements	  
In	  the	  final	  chapter	  of	  this	  thesis	  (chapter	  5),	  the	  current	  and	  future	  applications	  of	  14C-­‐
based	  methods	  for	  flue	  gases,	  fuels	  and	  also	  other	  materials	  are	  discussed.	  A	  new	  group	  
of	   users	   of	   14C-­‐based	   method	   can	   be	   identified	   who	   do	   not	   have	   experience	   with	   14C	  
 
research.	  New	   international	   standards	   implement	   14C-­‐based	  methods	   for	   these	  users	   as	  
simple	   routine	   methods	   to	   quantify	   the	   biogenic	   carbon	   fraction	   for	   a	   wide	   range	   of	  
sample	  materials.	   However,	   14C-­‐based	  methods	   are	   only	   at	   their	   best	   if	   sample-­‐specific	  
approaches	   are	   applied	   which	   take	   into	   account	   those	   factors	   influencing	   the	   biogenic	  
carbon	   fraction	  determination.	   The	  new	  user	   group	  prefers	   accredited	   laboratories	   (ISO	  
17025),	  while	  almost	  all	  14C	  laboratories	  experienced	  with	  14C-­‐based	  methods	  for	  bio-­‐fossil	  
carbon	  measurement	  are	  not.	  This	  gives	  an	   intriguing	  mixture	  of	  different	   interests:	   the	  
interest	  of	   just	  knowing	  a	  number,	  not	  necessarily	  accurate	  but	  produced	  according	  to	  a	  
standard	  procedure,	  or	   the	  use	  of	  a	  number	   that	   is	  as	  accurate	  as	  possible	   to	  get	  more	  
insight	  into	  a	  product	  or	  process.	  
The	  final	  conclusion	  of	  the	  thesis	  is	  that	  14C-­‐based	  methods	  can	  also	  be	  used	  very	  well	  
to	   identify	   and	   quantify	   biogenic	   carbon	   fractions	   in	   new	   bio-­‐based	   products	   and	   to	  
investigate	   (chemical)	   processes,	   especially	   if	   these	   methods	   are	   applied	   in	   their	   best	  


































































De	   toename	   van	   het	   gebruik	   van	   materialen	   met	   fossiele	   koolstof,	   met	   name	   de	  
verbranding	  van	   fossiele	  brandstoffen,	  heeft	   in	  de	  afgelopen	  eeuw	  geleid	   tot	  grote	  CO2-­‐
emissies	   in	  de	  atmosfeer.	  De	  oceanen	  en	  de	  biosfeer	  hebben	  tot	  nu	  toe	  ongeveer	  vijftig	  
procent	   van	  de	   toegevoegde	  CO2	   hoeveelheid	   uit	   de	   atmosfeer	   opgenomen.	  De	   andere	  
hoeveelheid	  CO2	  is	  in	  de	  atmosfeer	  gebleven	  en	  zorgt	  daar	  voor	  hogere	  CO2	  concentraties.	  
CO2	   is	   een	  broeikasgas,	  het	   absorbeert	   thermische	   infrarood	   straling	  en	  houdt	  daarmee	  
warmte	   vast.	   De	   huidige	   gemiddelde	   temperatuurtoename	   zoals	   gemeten	   bij	  
verschillende	  meetstations	  over	  de	  hele	  wereld,	  wordt	  dan	  ook	  gerelateerd	  aan	  toenames	  
in	   de	   uitstoot	   van	   CO2	   en	   andere	   broeikasgassen.	   De	   wereldwijde	   opwarming	   van	   de	  
aarde	  kan	   leiden	   tot	  klimaatveranderingen	  en	  verstoring	  van	  ecosystemen.	  Het	  bedreigt	  
het	  leven	  op	  aarde	  zoals	  wij	  dat	  vandaag	  kennen	  en	  heeft	  daardoor	  sterke	  invloed	  op	  de	  
wijze	  waarop	  mensen	  (kunnen)	  samenleven.	  
Internationale	   beleidsmaatregelen	   proberen	   daarom	   een	   verdere	   stijging	   van	   de	  
uitstoot	  van	  broeikasgassen	   te	   stoppen	  Één	  van	  deze	  maatregelen,	  die	  gericht	   is	  op	  het	  
afremmen	  van	  de	  CO2	  uitstoot,	  is	  de	  financiële	  stimulering	  van	  brandstoffen	  en	  producten	  
uit	  biomassa.	  Het	   idee	  daarbij	   is	  dat	  de	  koolstof	  uit	  de	  biomassa,	   in	   tegenstelling	   tot	  de	  
fossiele	   koolstof,	   onderdeel	   is	   van	   de	   mondiale	   koolstofcyclus	   en	   dat	   de	   gemiddelde	  
opname	  van	  CO2	  door	  planten	  en	  de	  uitstoot	  van	  CO2	  door	  antropogene	  activiteiten	  (bijv.	  
verbranding	  van	  biomassa)	  in	  evenwicht	  zijn:	  een	  CO2-­‐neutrale	  oplossing,	  met	  in	  de	  ideale	  
situatie	  geen	  netto	  toename	  van	  de	  atmosferische	  CO2	  concentratie.	  	  
Vanwege	   deze	   beleidsmaatregelen	   wordt	   er	   in	   diverse	   regelgeving	   onderscheid	  
gemaakt	   tussen	   biogene	   (van	   biomassa	   afkomstige)	   en	   fossiele	   koolstof.	   Doordat	   er	  
verschillende	  (financiële)	  belangen	  mee	  gemoeid	  zijn,	  is	  er	  bij	  overheden	  en	  producenten	  
behoefte	   aan	   methoden	   om	   het	   aandeel	   biogene	   en	   fossiele	   koolstof	   vast	   te	   kunnen	  
stellen	  in	  bijvoorbeeld	  brandstoffen,	  rookgassen	  en	  verschillende	  andere	  producten.	  	  
De	  meest	  specifieke	  tracer	  van	  biogene	  en	  fossiele	  koolstoffracties	  is	  het	  radioactieve	  
koolstof	   isotoop	  14C.	  Fossiele	  koolstof	   is	  miljoenen	  jaren	  oud	  en	  bevat	  geen	  14C	  meer	  als	  
gevolg	   van	   radioactief	   verval	   (de	   halveringstijd	   van	   14C	   is	   5730	   jaar).	   Wanneer	   er	   14C	  








































De	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   fossiele	   koolstof,	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Vanwege	   deze	   beleidsmaatregelen	   wordt	   er	   in	   diverse	   regelgeving	   onderscheid	  
gemaakt	   tussen	   biogene	   (van	   biomassa	   afkomstige)	   en	   fossiele	   koolstof.	   Doordat	   er	  
verschillende	  (financiële)	  belangen	  mee	  gemoeid	  zijn,	  is	  er	  bij	  overheden	  en	  producenten	  
behoefte	   aan	   methoden	   om	   het	   aandeel	   biogene	   en	   fossiele	   koolstof	   vast	   te	   kunnen	  
stellen	  in	  bijvoorbeeld	  brandstoffen,	  rookgassen	  en	  verschillende	  andere	  producten.	  	  
De	  meest	  specifieke	  tracer	  van	  biogene	  en	  fossiele	  koolstoffracties	  is	  het	  radioactieve	  
koolstof	   isotoop	  14C.	  Fossiele	  koolstof	   is	  miljoenen	  jaren	  oud	  en	  bevat	  geen	  14C	  meer	  als	  
gevolg	   van	   radioactief	   verval	   (de	   halveringstijd	   van	   14C	   is	   5730	   jaar).	   Wanneer	   er	   14C	  
metingen	  worden	  uitgevoerd	  wordt	  er	  geen	  signaal	  in	  fossiele	  koolstof	  gemeten:	  dit	  nul-­‐
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 signaal	  staat	  voor	  0%	  biogene	  koolstof.	  Biogene	  koolstof	  daarentegen	  heeft	  een	  bepaalde	  
concentratie	  14C	  atomen	  en	  de	  gemeten	  14C	  waarde	  representeert	  daarmee	  100%	  biogene	  
koolstof.	  In	  mengsels	  van	  fossiele	  en	  biogene	  koolstof	  wordt	  de	  relatieve	  14C	  hoeveelheid	  
van	  het	  biogene	  koolstof	  verdund	  met	  het	  nul-­‐signaal	  van	  de	  fossiele	  koolstof	  fractie.	  De	  
mate	   van	   verdunning	   is	   gelijk	   aan	   de	   fractie	   van	   het	   biogeen	   koolstof	   in	   een	  
monstermateriaal	   en	  wordt	   vastgesteld	   door	   het	  meten	   van	   de	   hoeveelheid	   14C	   in	   een	  
monster	  (14Csample)	  en	  door	  deze	  hoeveelheid	  te	  delen	  door	  de	  hoeveelheid	  
14C	  in	  koolstof	  




Sinds	   de	   jaren	   vijftig	   van	   de	   vorige	   eeuw	   worden	   op	   14C	   gebaseerde	   methoden	  
gebruikt	   voor	   het	   onderscheiden	   van	   biogene	   en	   fossiele	   koolstoffracties	   in	   diverse	  
materialen.	   De	  methoden	   worden	   toegepast	   in	   bijvoorbeeld	   aerosolonderzoek	   en	   voor	  
verificatie	  van	  de	  natuurlijke	  versus	  synthetische	  herkomst	  van	  voedingsproducten.	  Meer	  
recent	   (sinds	  ongeveer	  10	   jaar),	   is	  er	  door	  de	  veranderde	  regelgeving	  ook	  belangstelling	  
voor	  het	  gebruik	  van	  14C	  metingen	  voor	  het	  vaststellen	  van	  het	  aandeel	  biogeen	  koolstof	  
in	  brandstoffen,	  rookgassen	  en	  diverse	  andere	  (‘bio-­‐based’)	  producten.	  	  
Hoewel	   het	   principe	   van	   de	   14C-­‐methoden	   voor	   het	   onderscheiden	   van	   biogene	   en	  
fossiel	   koolstof	   zeer	   eenvoudig	   en	   gelijk	   is	   voor	   de	   diverse	   toepassingen,	   kunnen	  
verschillende	   factoren	   binnen	   iedere	   toepassing	   het	   eindresultaat	   beïnvloeden	   en	  
daarmee	  voor	  afwijkingen	  en	  foute	  interpretatie	  zorgen.	  Welke	  factoren	  van	  invloed	  zijn,	  
is	  afhankelijk	  van	  het	  type	  materiaal	  dat	  wordt	  onderzocht	  en	   is	  ook	  afhankelijk	  van	  het	  
aandeel	   biogene	   koolstof	   in	   het	   te	   onderzoeken	   monstermateriaal.	   Voor	   optimale	  
toepassing	  van	  14C-­‐methoden	  voor	  verschillende	  materialen	  is	  het	  daarom	  nodig	  dat	  deze	  
factoren	  voor	  de	  verschillende	  monstersoorten	  worden	  geïdentificeerd	  en	  dat	  eventuele	  
afwijkingen	  in	  het	  eindresultaat,	  indien	  gewenst,	  kunnen	  worden	  geminimaliseerd.	  
Het	  belangrijkste	  doel	  van	  het	  onderzoek	  zoals	  beschreven	  in	  dit	  proefschrift	  was	  het	  
vergaren	  van	  kennis	  over	  de	  toepassing	  van	  14C-­‐methoden	  voor	  verschillende	  rookgassen	  
en	  brandstoffen	  en	  het	  identificeren	  en	  kwantificeren	  van	  de	  belangrijkste	  factoren	  die	  de	  
nauwkeurigheid	  van	  de	  berekende	  biogene	  koolstof	  fracties	  beïnvloeden.	  
	  
De	  14C	  methode	  voor	  rookgassen	  
In	   een	   eerste	   onderzoek	   is,	   in	   samenwerking	   met	   het	   Nederlandse	   energiebedrijf	  
Essent	   (tegenwoordig	   onderdeel	   van	   RWE),	   	   de	   toepassing	   een	   14C	   methode	   voor	  
rookgassen	   van	   een	   elektriciteitscentrale	   en	   van	   een	   afvalverbrandingsinstallatie	  
onderzocht.	  	  
Bij	  de	  Nederlandse	  elektriciteitscentrale	  werden	  kolen	  gemengd	  met	  biomassa	   (hout	  
korrels)	   verbrand.	   De	   samenstelling	   van	   de	   twee	   afzonderlijke	   uitgangsmaterialen	   was	  
bekend	  en	  ook	  het	  koolstofgehalte	  in	  de	  as	  en	  in	  het	  rookgas	  (als	  CO2)	  waren	  bekend	  voor	  
de	  verschillende	  periodes	  waarin	  er	  bemonsterd	  werd.	  Uit	  deze	  gegevens	  kon	  het	  biogene	  
 
koolstofgehalte	   van	   de	   gemengde	   brandstoffen	   worden	   bepaald.	   De	   biogene	  
koolstoffractie	   van	   de	   brandstof	   op	   basis	   van	   14C	   metingen	   aan	   CO2	   uit	   rookgas	   kon	  
daardoor	   op	   juistheid	   worden	   geverifieerd.	   Dit	   was	   nog	   niet	   eerder	   voor	   rookgas	  
monsters	  gedaan.	  De	  CO2	  fractie	  uit	  het	  rookgas	  werd	  bemonsterd	  in	  samenwerking	  met	  
het	  Energieonderzoek	  Centrum	  Nederland	  (ECN).	  Met	  een	  ECN-­‐sampler	  werd	  gedurende	  
45	   minuten	   per	   bemonstering	   CO2	   uit	   rookgas	   opgelost	   in	   een	   alkalische	   oplossing	  
(NaOH).	   Tijdens	   de	   zesde	   (van	   tien)	   bemonstering	   bij	   de	   elektriciteitscentrale	   viel	   de	  
tweede	  biomassatoevoer	  stil	  en	  halveerde	  de	  hoeveelheid	  biomassa	  die	  werd	  verbrand	  in	  
de	  centrale.	  Dit	  maakte	  het	  mogelijk	   te	  onderzoeken	  hoe	  snel	  wijzigingen	   in	  de	  biogene	  
samenstelling	  van	  de	  brandstof	  zichtbaar	  zijn	  in	  de	  14C	  metingen	  van	  het	  rookgas-­‐CO2.	  Bij	  
een	  Nederlandse	  afvalverbrandingsinstallatie	  waar	  voornamelijk	  huishoudelijk	  afval	  wordt	  
verbrand,	   werden	   in	   totaal	   dertien	   monsters	   rookgas-­‐CO2	   genomen.	   De	   gemiddelde	  
biogene	  koolstoffractie	  van	  dit	  type	  Nederlands	  huishoudelijk	  afval	  werd	  geschat	  op	  50%,	  
maar	  was,	  door	  het	  ontbreken	  van	  een	  geschikte	  analysemethode	  gecombineerd	  met	  de	  
grote	   variatie	   in	   biogene	   en	   fossiele	   samenstelling	   van	   het	   afval,	   tot	   dan	   toe	   nog	   niet	  
nauwkeuriger	  vastgesteld.	  
De	  biogene	   koolstoffractie	   van	  de	  brandstof	   in	   de	   elektriciteitscentrale	  was	  op	  basis	  
van	  de	  14C	  metingen	  in	  rookgas	  bij	  de	  eerste	  monsters	  10%	  en	  werd	  5%	  nadat	  één	  van	  de	  
twee	  biomassatoevoerinstallaties	  was	  gestopt.	  De	  daling	  in	  de	  hoeveelheid	  biomassa	  die	  
verbrand	   werd,	   was	   direct	   zichtbaar	   in	   het	   gemeten	   14C	   signaal	   van	   de	   bemonsterde	  
rookgas-­‐CO2.	  De	  op	  
14C	  gebaseerde	  resultaten	  kwamen	  uitstekend	  overeen	  met	  de	  in	  dit	  
geval	   bekende	   brandstofgegevens	   van	   de	   elektriciteitscentrale.	   De	   biogene	   koolstof	  
fractie	   van	  het	  afval	  uit	  de	  onderzochte	  afvalverbrandingsinstallatie	   varieerde	   tussen	  46	  
en	   51%	   op	   de	   dagen	   dat	   er	   bemonsterd	   was.	   Op	   basis	   van	   de	   resultaten	   van	   de	  
elektriciteitscentrale	   kon	   worden	   aangetoond	   dat	   er	   een	   direct	   verband	   is	   tussen	   de	  
samenstelling	   van	   de	   brandstof	   en	   de	   14C	   hoeveelheid	   die	   in	   de	   CO2-­‐monsters	   van	   het	  
rookgas	  wordt	  gemeten.	  De	  waargenomen	  variatie	   in	  de	  biogene	  koolstoffracties	  van	  de	  
afvalverbrandingsinstallatie	   is	  dan	  ook	  “echt”:	  deze	  weerspiegelt	  de	  grote	  diversiteit	  aan	  
afvalmaterialen	  en	  de	  biogene	  koolstofsamenstelling	  ervan.	  
Voor	  het	  bepalen	  van	  het	  biogene	  koolstofgehalte	  in	  de	  brandstoffen	  op	  basis	  van	  14C	  
in	  rookgas-­‐CO2,	  zijn	  de	  
14C	  meetgegevens	  gecorrigeerd	  voor	  de	  14C	  bijdragen	  van	  andere	  
koolstofbronnen	  die	  mee	  bemonsterd	  waren	  in	  de	  rookgas-­‐CO2.	  In	  dit	  onderzoek	  ging	  het	  
hierbij	  om	  CO2	  van	  een	  verontreiniging	  in	  de	  alkalische	  oplossing	  die	  bij	  de	  bemonstering	  
was	  gebruikt	  en	  om	  CO2	  afkomstig	  uit	  (verbrandings-­‐)lucht.	  
Door	  deze	  studie	  is	  aangetoond	  dat	  op	  basis	  van	  het	  meten	  van	  14C	  in	  rookgassen	  een	  
betrouwbaar	  beeld	  kan	  worden	  verkregen	  van	  de	  samenstelling	  van	  de	  brandstoffen	  die	  
tijdens	  het	  bemonsteren	  worden	  verbrand	  in	  industriële	  installaties.	  Dat	  is	  met	  name	  van	  
interessant	  voor	  industriële	  installaties	  waarbij	  de	  samenstelling	  van	  de	  brandstoffen	  niet	  
bekend	   is,	   zoals	   bij	   afvalverbranding.	   Voor	   het	   berekenen	   van	   de	   biogene	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 signaal	  staat	  voor	  0%	  biogene	  koolstof.	  Biogene	  koolstof	  daarentegen	  heeft	  een	  bepaalde	  
concentratie	  14C	  atomen	  en	  de	  gemeten	  14C	  waarde	  representeert	  daarmee	  100%	  biogene	  
koolstof.	  In	  mengsels	  van	  fossiele	  en	  biogene	  koolstof	  wordt	  de	  relatieve	  14C	  hoeveelheid	  
van	  het	  biogene	  koolstof	  verdund	  met	  het	  nul-­‐signaal	  van	  de	  fossiele	  koolstof	  fractie.	  De	  
mate	   van	   verdunning	   is	   gelijk	   aan	   de	   fractie	   van	   het	   biogeen	   koolstof	   in	   een	  
monstermateriaal	   en	  wordt	   vastgesteld	   door	   het	  meten	   van	   de	   hoeveelheid	   14C	   in	   een	  
monster	  (14Csample)	  en	  door	  deze	  hoeveelheid	  te	  delen	  door	  de	  hoeveelheid	  
14C	  in	  koolstof	  




Sinds	   de	   jaren	   vijftig	   van	   de	   vorige	   eeuw	   worden	   op	   14C	   gebaseerde	   methoden	  
gebruikt	   voor	   het	   onderscheiden	   van	   biogene	   en	   fossiele	   koolstoffracties	   in	   diverse	  
materialen.	   De	  methoden	   worden	   toegepast	   in	   bijvoorbeeld	   aerosolonderzoek	   en	   voor	  
verificatie	  van	  de	  natuurlijke	  versus	  synthetische	  herkomst	  van	  voedingsproducten.	  Meer	  
recent	   (sinds	  ongeveer	  10	   jaar),	   is	  er	  door	  de	  veranderde	  regelgeving	  ook	  belangstelling	  
voor	  het	  gebruik	  van	  14C	  metingen	  voor	  het	  vaststellen	  van	  het	  aandeel	  biogeen	  koolstof	  
in	  brandstoffen,	  rookgassen	  en	  diverse	  andere	  (‘bio-­‐based’)	  producten.	  	  
Hoewel	   het	   principe	   van	   de	   14C-­‐methoden	   voor	   het	   onderscheiden	   van	   biogene	   en	  
fossiel	   koolstof	   zeer	   eenvoudig	   en	   gelijk	   is	   voor	   de	   diverse	   toepassingen,	   kunnen	  
verschillende	   factoren	   binnen	   iedere	   toepassing	   het	   eindresultaat	   beïnvloeden	   en	  
daarmee	  voor	  afwijkingen	  en	  foute	  interpretatie	  zorgen.	  Welke	  factoren	  van	  invloed	  zijn,	  
is	  afhankelijk	  van	  het	  type	  materiaal	  dat	  wordt	  onderzocht	  en	   is	  ook	  afhankelijk	  van	  het	  
aandeel	   biogene	   koolstof	   in	   het	   te	   onderzoeken	   monstermateriaal.	   Voor	   optimale	  
toepassing	  van	  14C-­‐methoden	  voor	  verschillende	  materialen	  is	  het	  daarom	  nodig	  dat	  deze	  
factoren	  voor	  de	  verschillende	  monstersoorten	  worden	  geïdentificeerd	  en	  dat	  eventuele	  
afwijkingen	  in	  het	  eindresultaat,	  indien	  gewenst,	  kunnen	  worden	  geminimaliseerd.	  
Het	  belangrijkste	  doel	  van	  het	  onderzoek	  zoals	  beschreven	  in	  dit	  proefschrift	  was	  het	  
vergaren	  van	  kennis	  over	  de	  toepassing	  van	  14C-­‐methoden	  voor	  verschillende	  rookgassen	  
en	  brandstoffen	  en	  het	  identificeren	  en	  kwantificeren	  van	  de	  belangrijkste	  factoren	  die	  de	  
nauwkeurigheid	  van	  de	  berekende	  biogene	  koolstof	  fracties	  beïnvloeden.	  
	  
De	  14C	  methode	  voor	  rookgassen	  
In	   een	   eerste	   onderzoek	   is,	   in	   samenwerking	   met	   het	   Nederlandse	   energiebedrijf	  
Essent	   (tegenwoordig	   onderdeel	   van	   RWE),	   	   de	   toepassing	   een	   14C	   methode	   voor	  
rookgassen	   van	   een	   elektriciteitscentrale	   en	   van	   een	   afvalverbrandingsinstallatie	  
onderzocht.	  	  
Bij	  de	  Nederlandse	  elektriciteitscentrale	  werden	  kolen	  gemengd	  met	  biomassa	   (hout	  
korrels)	   verbrand.	   De	   samenstelling	   van	   de	   twee	   afzonderlijke	   uitgangsmaterialen	   was	  
bekend	  en	  ook	  het	  koolstofgehalte	  in	  de	  as	  en	  in	  het	  rookgas	  (als	  CO2)	  waren	  bekend	  voor	  
de	  verschillende	  periodes	  waarin	  er	  bemonsterd	  werd.	  Uit	  deze	  gegevens	  kon	  het	  biogene	  
 
koolstofgehalte	   van	   de	   gemengde	   brandstoffen	   worden	   bepaald.	   De	   biogene	  
koolstoffractie	   van	   de	   brandstof	   op	   basis	   van	   14C	   metingen	   aan	   CO2	   uit	   rookgas	   kon	  
daardoor	   op	   juistheid	   worden	   geverifieerd.	   Dit	   was	   nog	   niet	   eerder	   voor	   rookgas	  
monsters	  gedaan.	  De	  CO2	  fractie	  uit	  het	  rookgas	  werd	  bemonsterd	  in	  samenwerking	  met	  
het	  Energieonderzoek	  Centrum	  Nederland	  (ECN).	  Met	  een	  ECN-­‐sampler	  werd	  gedurende	  
45	   minuten	   per	   bemonstering	   CO2	   uit	   rookgas	   opgelost	   in	   een	   alkalische	   oplossing	  
(NaOH).	   Tijdens	   de	   zesde	   (van	   tien)	   bemonstering	   bij	   de	   elektriciteitscentrale	   viel	   de	  
tweede	  biomassatoevoer	  stil	  en	  halveerde	  de	  hoeveelheid	  biomassa	  die	  werd	  verbrand	  in	  
de	  centrale.	  Dit	  maakte	  het	  mogelijk	   te	  onderzoeken	  hoe	  snel	  wijzigingen	   in	  de	  biogene	  
samenstelling	  van	  de	  brandstof	  zichtbaar	  zijn	  in	  de	  14C	  metingen	  van	  het	  rookgas-­‐CO2.	  Bij	  
een	  Nederlandse	  afvalverbrandingsinstallatie	  waar	  voornamelijk	  huishoudelijk	  afval	  wordt	  
verbrand,	   werden	   in	   totaal	   dertien	   monsters	   rookgas-­‐CO2	   genomen.	   De	   gemiddelde	  
biogene	  koolstoffractie	  van	  dit	  type	  Nederlands	  huishoudelijk	  afval	  werd	  geschat	  op	  50%,	  
maar	  was,	  door	  het	  ontbreken	  van	  een	  geschikte	  analysemethode	  gecombineerd	  met	  de	  
grote	   variatie	   in	   biogene	   en	   fossiele	   samenstelling	   van	   het	   afval,	   tot	   dan	   toe	   nog	   niet	  
nauwkeuriger	  vastgesteld.	  
De	  biogene	   koolstoffractie	   van	  de	  brandstof	   in	   de	   elektriciteitscentrale	  was	  op	  basis	  
van	  de	  14C	  metingen	  in	  rookgas	  bij	  de	  eerste	  monsters	  10%	  en	  werd	  5%	  nadat	  één	  van	  de	  
twee	  biomassatoevoerinstallaties	  was	  gestopt.	  De	  daling	  in	  de	  hoeveelheid	  biomassa	  die	  
verbrand	   werd,	   was	   direct	   zichtbaar	   in	   het	   gemeten	   14C	   signaal	   van	   de	   bemonsterde	  
rookgas-­‐CO2.	  De	  op	  
14C	  gebaseerde	  resultaten	  kwamen	  uitstekend	  overeen	  met	  de	  in	  dit	  
geval	   bekende	   brandstofgegevens	   van	   de	   elektriciteitscentrale.	   De	   biogene	   koolstof	  
fractie	   van	  het	  afval	  uit	  de	  onderzochte	  afvalverbrandingsinstallatie	   varieerde	   tussen	  46	  
en	   51%	   op	   de	   dagen	   dat	   er	   bemonsterd	   was.	   Op	   basis	   van	   de	   resultaten	   van	   de	  
elektriciteitscentrale	   kon	   worden	   aangetoond	   dat	   er	   een	   direct	   verband	   is	   tussen	   de	  
samenstelling	   van	   de	   brandstof	   en	   de	   14C	   hoeveelheid	   die	   in	   de	   CO2-­‐monsters	   van	   het	  
rookgas	  wordt	  gemeten.	  De	  waargenomen	  variatie	   in	  de	  biogene	  koolstoffracties	  van	  de	  
afvalverbrandingsinstallatie	   is	  dan	  ook	  “echt”:	  deze	  weerspiegelt	  de	  grote	  diversiteit	  aan	  
afvalmaterialen	  en	  de	  biogene	  koolstofsamenstelling	  ervan.	  
Voor	  het	  bepalen	  van	  het	  biogene	  koolstofgehalte	  in	  de	  brandstoffen	  op	  basis	  van	  14C	  
in	  rookgas-­‐CO2,	  zijn	  de	  
14C	  meetgegevens	  gecorrigeerd	  voor	  de	  14C	  bijdragen	  van	  andere	  
koolstofbronnen	  die	  mee	  bemonsterd	  waren	  in	  de	  rookgas-­‐CO2.	  In	  dit	  onderzoek	  ging	  het	  
hierbij	  om	  CO2	  van	  een	  verontreiniging	  in	  de	  alkalische	  oplossing	  die	  bij	  de	  bemonstering	  
was	  gebruikt	  en	  om	  CO2	  afkomstig	  uit	  (verbrandings-­‐)lucht.	  
Door	  deze	  studie	  is	  aangetoond	  dat	  op	  basis	  van	  het	  meten	  van	  14C	  in	  rookgassen	  een	  
betrouwbaar	  beeld	  kan	  worden	  verkregen	  van	  de	  samenstelling	  van	  de	  brandstoffen	  die	  
tijdens	  het	  bemonsteren	  worden	  verbrand	  in	  industriële	  installaties.	  Dat	  is	  met	  name	  van	  
interessant	  voor	  industriële	  installaties	  waarbij	  de	  samenstelling	  van	  de	  brandstoffen	  niet	  
bekend	   is,	   zoals	   bij	   afvalverbranding.	   Voor	   het	   berekenen	   van	   de	   biogene	  
Samenvatting
147
 brandstofsamenstelling	   op	   basis	   van	   rookgas-­‐CO2,	   dient	   er	   rekening	   mee	   te	   worden	  
gehouden	   dat	   er	   ook	   andere	   koolstofbronnen	   mee	   bemonsterd	   kunnen	   worden,	  
waarvoor	   in	   sommige	   gevallen	   gecorrigeerd	   moet	   worden	   in	   de	   berekeningen.	   De	  
correctie	  voor	  (verbrandings-­‐)	  lucht	  speelt	  slechts	  een	  (ook	  dan	  nog	  relatief	  kleine)	  rol	  bij	  
biogene	  koolstof	  fracties	  <10%.	  
	  
De	  14C	  methode	  voor	  biogas	  en	  biogeen-­‐fossiele	  gasmengsels	  
In	  een	  tweede	  studie,	  die	  onderdeel	  was	  van	  het	  deelproject	  “(A2)	  Agate-­‐1”	  in	  het	  gas	  
research	  programma	  “Energy	  Delta	  Gas	  Research”	  (EDGaR),	   is	  de	  toepassing	  van	  een	  14C	  
methode	   onderzocht	   voor	   (ruwe)	   biogasmonsters	   en	   voor	   mengsels	   van	   koolstof	  
afkomstig	  van	  biogene	  en	  fossiele	  methaan.	  	  
Het	  eerste	  deel	  van	  deze	  studie	  was	  gericht	  op	  het	   inventariseren	  van	  de	  variatie	  en	  
onzekerheden	  in	  de	  14C	  referentiewaarde	  voor	  100%	  biogene	  koolstof	  (14Cbio)	  voor	  diverse	  
biogassen.	   Om	   dit	   vast	   te	   stellen	   zijn	   de	   δ13C-­‐	   en	   14C-­‐waarden	   gemeten	   van	   de	  
afzonderlijke	  CO2-­‐	  en	  CH4-­‐fracties	  van	  acht	  verschillende	  (ruwe)	  biogasmonsters	  afkomstig	  
van	  verschillende	  (anaerobe)	  vergistingsprocessen.	  	  
In	   het	   tweede	  deel	   van	  de	   studie	   is	   onderzocht	  welke	   afwijkingen	  er	   ontstaan	   in	   de	  	  
berekende	   biogene	   koolstoffracties	   van	   gemengde	   biogeen-­‐fossiele	   gasmengsels,	   zodra	  
gemeten	  14C	  hoeveelheden	  in	  methaanmengsels	  (14Csample)	  niet	  voor	  isotopenfractionering	  
worden	  gecorrigeerd	  of	  wanneer	  bij	  het	  toepassen	  van	  de	  isotopenfractioneringscorrectie	  
geen	   rekening	  wordt	   gehouden	  met	   de	   soms	   relatief	   grote	   verschillen	   in	   δ13C-­‐waarden	  
tussen	  de	  biogene	  en	   fossiele	  methaanfracties.	  Voor	  dit	  onderzoek	  zijn	  de	  δ13C-­‐	   	  en	  14C-­‐
waarden	  bepaald	  van	  verschillende	  koolstofmengsels,	  met	  biogene	  koolstoffracties	  tussen	  	  
0	  en	  100%,	  afkomstig	  van	  biogas-­‐methaan	  en	  aardgas.	  	  
De	  gemeten	  14C-­‐waarden	  van	  de	  ruwe	  biogassen	  varieerden	  tussen	  102%	  en	  116	  pMC.	  
Dit	   gaf	   een	   goede	   indicatie	   van	   de	   variatie	   in	   referentiewaarden	   voor	   100%	   biogeen	  
koolstof	   (14Cbio)	   bij	   biogassen	   afkomstig	   van	   verschillende	   vergistingsprocessen.	   Deze	  
variatie	   in	   14C-­‐waarden	   van	   vergist	   biomassamateriaal	   is	   direct	   gerelateerd	   aan	   de	  
jaarlijkse	   verschillen	   die	   in	   de	   afgelopen	   eeuw	   in	   atmosferische	   14CO2-­‐waarden	   zijn	  
waargenomen.	   Het	   atmosferische	   14CO2-­‐signaal	   wordt	   via	   fotosynthese	   in	   planten	   en	  
bomen	   vastgelegd.	   14Cbio	   is	   daardoor	   geen	   constante	  waarde	   en	   is	   voor	   ieder	   (mengsel	  
van)	  biomassamateriaal	  weer	  anders,	  afhankelijk	  van	  de	  gemiddelde	  tijdsperiode	  waarin	  
14CO2	   met	   een	   bepaalde	  
14C-­‐waarde	   in	   het	   betreffende	   biomassamateriaal	   werd	  
vastgelegd.	   Wanneer	   de	   14Cbio-­‐waarde	   van	   de	   biogene	   koolstoffractie	   van	   het	   te	  
onderzoeken	   monster	   niet	   via	   14C-­‐meting	   in	   de	   biogene	   fractie	   zelf	   kan	   worden	  
vastgesteld	  (wat	  bij	  bio-­‐fossiele	  koolstofmengsels	  vaak	  het	  geval	  is),	  dient	  deze	  te	  worden	  
geschat	  op	  basis	  van	  beschikbare	   informatie	  over	  de	  oorsprong	  (in	   tijd)	  van	  het	  biogene	  
koolstof	   in	   het	   onderzochte	   monstermateriaal	   en	   op	   basis	   van	   atmosferische	   14CO2-­‐
waarden.	   Door	   het	  moeten	   schatten	   van	   de	   14Cbio-­‐waarde	   neemt	   de	   onzekerheid	   in	   de	  
 
berekende	  biogene	  koolstof	  waarde	   toe	  en	  kunnen	   in	  principe	  systematische	   fouten	   tot	  
+15%	  (absoluut)	  ontstaan.	  Om	  dit	  te	  minimaliseren	  is	  een	  bepalingsmethode	  voorgesteld	  
waarin	   verschillende	   biogassen	   verdeeld	   worden	   in	   groepen	   met	   verschillende	   14Cbio-­‐
waarden	   en	   verschillende	   onzekerheidswaarden	   hierin.	   De	   verdeling	   van	   de	   biogas-­‐
groepen	  is	  gebaseerd	  op	  de	  gemiddelde	  periode	  van	  atmosferische	  CO2-­‐opname	  door	  de	  
biomassa	   materialen	   van	   iedere	   specifieke	   groep.	   Met	   deze	   benadering	   varieert	   de	  
absolute	   onzekerheid	   in	   de	   berekende	   biogene	   koolstoffractie	   tussen	   ±0.5%	   en	   ±3.5%,	  
afhankelijk	  van	  de	  beschikbare	  informatie	  over	  de	  oorsprong	  van	  de	  biomassamaterialen.	  	  
De	   gemeten	   δ13C-­‐waarden	   van	   de	   ruwe	   biogassen	   varieerden	   tussen	   -­‐6‰	  en	   +31‰	  
voor	  de	  CO2-­‐fracties	  en	  tussen	  -­‐28‰	  en	  -­‐62‰	  voor	  de	  CH4-­‐fracties.	  De	  verschillen	  tussen	  
CO2	   en	   CH4	   zijn	   gerelateerd	   aan	   verschillen	   in	   chemische	   reacties	   (in	   dit	   geval	   door	  
bacteriën)	   gedurende	   het	   vergistingsproces.	   Tijdens	   deze	   chemische	   reacties	   vinden	   er	  
massa	   afhankelijke	   processen	   plaats	   waarbij	   isotopenverhoudingen	   (bij	   koolstof	   bijv.	  
14C/12C	   of	   13C/12C)	   van	   moleculen	   voor	   en	   na	   een	   reactieproces	   van	   elkaar	   zijn	   gaan	  
verschillen:	   isotopenfractionering.	   Door	   isotopenfractionering	   variëren	   de	   13C/12C	   en	  
14C/12C	  verhoudingen	  voor	  verschillende	  moleculen	  in	  een	  monstermateriaal,	  ook	  al	  is	  de	  
koolstof	   afkomstig	   van	   dezelfde	   koolstofbron	   (of	   bronnen).	   Als	   voorbeeld:	   CO2	   en	   CH4	  
fracties	   van	   een	   ruw	   biogas	   dat	   is	   geproduceerd	   uit	   hetzelfde	   biomassamateriaal	   met	  
verschillende	  δ13C-­‐waarden	   van	   respectievelijk	   +27‰	  en	   -­‐56‰	  en	   verschillende	   14Csample	  
waarden	   van	   respectievelijk	   114	   pMC	   en	   97	   pMC.	   Deze	   verschillende	   getallen	   zouden	  
kunnen	  leiden	  tot	  het	  incorrect	  toekennen	  van	  verschillende	  biogene	  koolstoffracties	  aan	  
deze	   CO2	   en	   CH4.	   Om	   dit	   te	   voorkomen	  moeten	   de	   gemeten	  
14Csample-­‐waarden	   worden	  
gecorrigeerd	   voor	   isotopenfractionering.	   Dit	   gebeurt	   door	   het	   normaliseren	   van	   de	  
waargenomen	   isotopenfractionering	   naar	   een	   constante	   waarde.	   Wanneer	   zo’n	  
isotopenfractioneringscorrectie	   niet	   wordt	   toegepast	   kunnen	   er	   systematische	   absolute	  
fouten	   in	   de	   berekende	   biogene	   koolstoffractie	   van	   biogasmonsters	   ontstaan	   van	   +5%	  
voor	  de	  CO2	  fractie	  van	  (100%)	  biogas	  en	  -­‐10%	  voor	  de	  CH4	  fractie	  van	  biogas.	  
In	   de	   praktijk	   vindt	   de	   isotopenfractioneringscorrectie	   van	   gemeten	   14C-­‐waarden	  
plaats	  op	  basis	  van	  δ13C-­‐metingen.	  Hierbij	  wordt	  dan	  uitgegaan	  van	  de	  δ13C-­‐waarde	  die	  in	  
een	  monstermateriaal	  wordt	  gemeten.	  Bij	  een	  mengsel	  van	   fossiele	  en	  biogene	  koolstof	  
wordt	  de	  gemeten	  δ13Csample-­‐waarde	  echter	  bepaald	  door	  beide	  fracties,	  terwijl	  alleen	  de	  
biogene	   fractie	   gecorrigeerd	   hoeft	   te	   worden	   voor	   isotopenfractionering	   in	   het	   14C-­‐
signaal.	   Omdat	   het	   in	   de	   praktijk	   meestal	   niet	   mogelijk	   is	   om	   de	   δ13C-­‐waarde	   van	   de	  
afzonderlijke	   biogene	   koolstoffractie	   te	   bepalen	   en	   in	   die	   gevallen	   dus	   meestal	   alleen	  
δ13Csample	  bekend	  is,	  kunnen	  er	  afwijkingen	  in	  
14Csample	  gaan	  voorkomen	  die	  een	  afwijking	  in	  
de	  berekende	  biogene	   koolstoffracties	   geven.	  Hoe	  groot	  deze	  afwijking	   is,	   is	   afhankelijk	  
van	   het	   verschil	   in	   δ13C-­‐waarden	   tussen	   de	   biogene	   en	   fossiele	   koolstof	   fracties	   in	   het	  
monstermateriaal.	  Bij	  gasmonsters	  (methaan)	  kunnen	  de	  δ13C-­‐waarden	  van	  zowel	  biogas-­‐	  
als	  aardgasmonsters	  sterk	  van	  elkaar	  verschillen,	  de	  range	  ligt	  voor	  beide	  groepen	  tussen	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 brandstofsamenstelling	   op	   basis	   van	   rookgas-­‐CO2,	   dient	   er	   rekening	   mee	   te	   worden	  
gehouden	   dat	   er	   ook	   andere	   koolstofbronnen	   mee	   bemonsterd	   kunnen	   worden,	  
waarvoor	   in	   sommige	   gevallen	   gecorrigeerd	   moet	   worden	   in	   de	   berekeningen.	   De	  
correctie	  voor	  (verbrandings-­‐)	  lucht	  speelt	  slechts	  een	  (ook	  dan	  nog	  relatief	  kleine)	  rol	  bij	  
biogene	  koolstof	  fracties	  <10%.	  
	  
De	  14C	  methode	  voor	  biogas	  en	  biogeen-­‐fossiele	  gasmengsels	  
In	  een	  tweede	  studie,	  die	  onderdeel	  was	  van	  het	  deelproject	  “(A2)	  Agate-­‐1”	  in	  het	  gas	  
research	  programma	  “Energy	  Delta	  Gas	  Research”	  (EDGaR),	   is	  de	  toepassing	  van	  een	  14C	  
methode	   onderzocht	   voor	   (ruwe)	   biogasmonsters	   en	   voor	   mengsels	   van	   koolstof	  
afkomstig	  van	  biogene	  en	  fossiele	  methaan.	  	  
Het	  eerste	  deel	  van	  deze	  studie	  was	  gericht	  op	  het	   inventariseren	  van	  de	  variatie	  en	  
onzekerheden	  in	  de	  14C	  referentiewaarde	  voor	  100%	  biogene	  koolstof	  (14Cbio)	  voor	  diverse	  
biogassen.	   Om	   dit	   vast	   te	   stellen	   zijn	   de	   δ13C-­‐	   en	   14C-­‐waarden	   gemeten	   van	   de	  
afzonderlijke	  CO2-­‐	  en	  CH4-­‐fracties	  van	  acht	  verschillende	  (ruwe)	  biogasmonsters	  afkomstig	  
van	  verschillende	  (anaerobe)	  vergistingsprocessen.	  	  
In	   het	   tweede	  deel	   van	  de	   studie	   is	   onderzocht	  welke	   afwijkingen	  er	   ontstaan	   in	   de	  	  
berekende	   biogene	   koolstoffracties	   van	   gemengde	   biogeen-­‐fossiele	   gasmengsels,	   zodra	  
gemeten	  14C	  hoeveelheden	  in	  methaanmengsels	  (14Csample)	  niet	  voor	  isotopenfractionering	  
worden	  gecorrigeerd	  of	  wanneer	  bij	  het	  toepassen	  van	  de	  isotopenfractioneringscorrectie	  
geen	   rekening	  wordt	   gehouden	  met	   de	   soms	   relatief	   grote	   verschillen	   in	   δ13C-­‐waarden	  
tussen	  de	  biogene	  en	   fossiele	  methaanfracties.	  Voor	  dit	  onderzoek	  zijn	  de	  δ13C-­‐	   	  en	  14C-­‐
waarden	  bepaald	  van	  verschillende	  koolstofmengsels,	  met	  biogene	  koolstoffracties	  tussen	  	  
0	  en	  100%,	  afkomstig	  van	  biogas-­‐methaan	  en	  aardgas.	  	  
De	  gemeten	  14C-­‐waarden	  van	  de	  ruwe	  biogassen	  varieerden	  tussen	  102%	  en	  116	  pMC.	  
Dit	   gaf	   een	   goede	   indicatie	   van	   de	   variatie	   in	   referentiewaarden	   voor	   100%	   biogeen	  
koolstof	   (14Cbio)	   bij	   biogassen	   afkomstig	   van	   verschillende	   vergistingsprocessen.	   Deze	  
variatie	   in	   14C-­‐waarden	   van	   vergist	   biomassamateriaal	   is	   direct	   gerelateerd	   aan	   de	  
jaarlijkse	   verschillen	   die	   in	   de	   afgelopen	   eeuw	   in	   atmosferische	   14CO2-­‐waarden	   zijn	  
waargenomen.	   Het	   atmosferische	   14CO2-­‐signaal	   wordt	   via	   fotosynthese	   in	   planten	   en	  
bomen	   vastgelegd.	   14Cbio	   is	   daardoor	   geen	   constante	  waarde	   en	   is	   voor	   ieder	   (mengsel	  
van)	  biomassamateriaal	  weer	  anders,	  afhankelijk	  van	  de	  gemiddelde	  tijdsperiode	  waarin	  
14CO2	   met	   een	   bepaalde	  
14C-­‐waarde	   in	   het	   betreffende	   biomassamateriaal	   werd	  
vastgelegd.	   Wanneer	   de	   14Cbio-­‐waarde	   van	   de	   biogene	   koolstoffractie	   van	   het	   te	  
onderzoeken	   monster	   niet	   via	   14C-­‐meting	   in	   de	   biogene	   fractie	   zelf	   kan	   worden	  
vastgesteld	  (wat	  bij	  bio-­‐fossiele	  koolstofmengsels	  vaak	  het	  geval	  is),	  dient	  deze	  te	  worden	  
geschat	  op	  basis	  van	  beschikbare	   informatie	  over	  de	  oorsprong	  (in	   tijd)	  van	  het	  biogene	  
koolstof	   in	   het	   onderzochte	   monstermateriaal	   en	   op	   basis	   van	   atmosferische	   14CO2-­‐
waarden.	   Door	   het	  moeten	   schatten	   van	   de	   14Cbio-­‐waarde	   neemt	   de	   onzekerheid	   in	   de	  
 
berekende	  biogene	  koolstof	  waarde	   toe	  en	  kunnen	   in	  principe	  systematische	   fouten	   tot	  
+15%	  (absoluut)	  ontstaan.	  Om	  dit	  te	  minimaliseren	  is	  een	  bepalingsmethode	  voorgesteld	  
waarin	   verschillende	   biogassen	   verdeeld	   worden	   in	   groepen	   met	   verschillende	   14Cbio-­‐
waarden	   en	   verschillende	   onzekerheidswaarden	   hierin.	   De	   verdeling	   van	   de	   biogas-­‐
groepen	  is	  gebaseerd	  op	  de	  gemiddelde	  periode	  van	  atmosferische	  CO2-­‐opname	  door	  de	  
biomassa	   materialen	   van	   iedere	   specifieke	   groep.	   Met	   deze	   benadering	   varieert	   de	  
absolute	   onzekerheid	   in	   de	   berekende	   biogene	   koolstoffractie	   tussen	   ±0.5%	   en	   ±3.5%,	  
afhankelijk	  van	  de	  beschikbare	  informatie	  over	  de	  oorsprong	  van	  de	  biomassamaterialen.	  	  
De	   gemeten	   δ13C-­‐waarden	   van	   de	   ruwe	   biogassen	   varieerden	   tussen	   -­‐6‰	  en	   +31‰	  
voor	  de	  CO2-­‐fracties	  en	  tussen	  -­‐28‰	  en	  -­‐62‰	  voor	  de	  CH4-­‐fracties.	  De	  verschillen	  tussen	  
CO2	   en	   CH4	   zijn	   gerelateerd	   aan	   verschillen	   in	   chemische	   reacties	   (in	   dit	   geval	   door	  
bacteriën)	   gedurende	   het	   vergistingsproces.	   Tijdens	   deze	   chemische	   reacties	   vinden	   er	  
massa	   afhankelijke	   processen	   plaats	   waarbij	   isotopenverhoudingen	   (bij	   koolstof	   bijv.	  
14C/12C	   of	   13C/12C)	   van	   moleculen	   voor	   en	   na	   een	   reactieproces	   van	   elkaar	   zijn	   gaan	  
verschillen:	   isotopenfractionering.	   Door	   isotopenfractionering	   variëren	   de	   13C/12C	   en	  
14C/12C	  verhoudingen	  voor	  verschillende	  moleculen	  in	  een	  monstermateriaal,	  ook	  al	  is	  de	  
koolstof	   afkomstig	   van	   dezelfde	   koolstofbron	   (of	   bronnen).	   Als	   voorbeeld:	   CO2	   en	   CH4	  
fracties	   van	   een	   ruw	   biogas	   dat	   is	   geproduceerd	   uit	   hetzelfde	   biomassamateriaal	   met	  
verschillende	  δ13C-­‐waarden	   van	   respectievelijk	   +27‰	  en	   -­‐56‰	  en	   verschillende	   14Csample	  
waarden	   van	   respectievelijk	   114	   pMC	   en	   97	   pMC.	   Deze	   verschillende	   getallen	   zouden	  
kunnen	  leiden	  tot	  het	  incorrect	  toekennen	  van	  verschillende	  biogene	  koolstoffracties	  aan	  
deze	   CO2	   en	   CH4.	   Om	   dit	   te	   voorkomen	  moeten	   de	   gemeten	  
14Csample-­‐waarden	   worden	  
gecorrigeerd	   voor	   isotopenfractionering.	   Dit	   gebeurt	   door	   het	   normaliseren	   van	   de	  
waargenomen	   isotopenfractionering	   naar	   een	   constante	   waarde.	   Wanneer	   zo’n	  
isotopenfractioneringscorrectie	   niet	   wordt	   toegepast	   kunnen	   er	   systematische	   absolute	  
fouten	   in	   de	   berekende	   biogene	   koolstoffractie	   van	   biogasmonsters	   ontstaan	   van	   +5%	  
voor	  de	  CO2	  fractie	  van	  (100%)	  biogas	  en	  -­‐10%	  voor	  de	  CH4	  fractie	  van	  biogas.	  
In	   de	   praktijk	   vindt	   de	   isotopenfractioneringscorrectie	   van	   gemeten	   14C-­‐waarden	  
plaats	  op	  basis	  van	  δ13C-­‐metingen.	  Hierbij	  wordt	  dan	  uitgegaan	  van	  de	  δ13C-­‐waarde	  die	  in	  
een	  monstermateriaal	  wordt	  gemeten.	  Bij	  een	  mengsel	  van	   fossiele	  en	  biogene	  koolstof	  
wordt	  de	  gemeten	  δ13Csample-­‐waarde	  echter	  bepaald	  door	  beide	  fracties,	  terwijl	  alleen	  de	  
biogene	   fractie	   gecorrigeerd	   hoeft	   te	   worden	   voor	   isotopenfractionering	   in	   het	   14C-­‐
signaal.	   Omdat	   het	   in	   de	   praktijk	   meestal	   niet	   mogelijk	   is	   om	   de	   δ13C-­‐waarde	   van	   de	  
afzonderlijke	   biogene	   koolstoffractie	   te	   bepalen	   en	   in	   die	   gevallen	   dus	   meestal	   alleen	  
δ13Csample	  bekend	  is,	  kunnen	  er	  afwijkingen	  in	  
14Csample	  gaan	  voorkomen	  die	  een	  afwijking	  in	  
de	  berekende	  biogene	   koolstoffracties	   geven.	  Hoe	  groot	  deze	  afwijking	   is,	   is	   afhankelijk	  
van	   het	   verschil	   in	   δ13C-­‐waarden	   tussen	   de	   biogene	   en	   fossiele	   koolstof	   fracties	   in	   het	  
monstermateriaal.	  Bij	  gasmonsters	  (methaan)	  kunnen	  de	  δ13C-­‐waarden	  van	  zowel	  biogas-­‐	  
als	  aardgasmonsters	  sterk	  van	  elkaar	  verschillen,	  de	  range	  ligt	  voor	  beide	  groepen	  tussen	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 -­‐25	  en	   -­‐75‰.	  Een	  verschil	   van	  50‰	   in	  δ13C	  van	  biogeen	  en	   fossiel	  koolstof	   is	   in	   theorie	  
mogelijk	  en	  geeft	  de	  grootste	  afwijking	  in	  de	  toegepaste	  isotopenfractioneringscorrectie.	  
Metingen	   van	   acht	   biogasmonsters	   en	   drie	   aardgasmonsters	   in	   deze	   studie	   gaven	  
verschillen	  in	  δ13C	  tussen	  biogas	  en	  aardgas	  van	  maximaal	  33‰.	  De	  (absolute)	  afwijking	  in	  
de	  berekende	  biogene	  koolstoffractie	  is	  maximaal	  ±2.5%	  voor	  biogassen	  en	  is	  het	  grootste	  
bij	  biogene	  koolstoffracties	  van	  50%.	  
	  
	  14C	  methode	  voor	  biogeen-­‐fossiele	  koolstof	  verdelingen	  in	  productie	  processen	  
In	   een	   derde	   studie	   is	   de	   toepassing	   van	   een	   14C-­‐methode	   onderzocht	   voor	   het	  
vaststellen	  van	  de	  verdeling	  van	  biogene	  en	  fossiele	  koolstof	   in	  een	  productieproces	  van	  
Synthetic	  Natural	  Gas	   (SNG).	   In	  dit	  project,	  dat	  net	  als	  de	   tweede	   studie	  onderdeel	  was	  
van	  “EDGaR	  Agate-­‐1”,	  is	  samengewerkt	  met	  ECN.	  In	  dit	  specifiek	  onderzochte	  en	  door	  ECN	  
ontwikkelde	   SNG	   productieproces	   werd	   vast	   uitgangsmateriaal	   eerst	   vergast	   in	   een	  
vergasser	   tot	   ‘productiegas’	   en	   een	   koolstofrijk	   residu	   (‘char’).	   Deze	   ‘char’	  werd	   daarna	  
verbrand	  met	   lucht	   voor	   het	   genereren	   van	  warmte	   voor	   het	   productieproces.	   Bij	   deze	  
verbranding	  ontstaat	   rookgas	  met	  o.a.	  CO2.	  Het	  productiegas	  werd,	  na	  verwijdering	  van	  
teer,	  stof,	  zwavel	  en	  water,	  met	  behulp	  van	  waterstof	  en	  nikkelkatalysatoren	  omgezet	  in	  
een	  gas	  mengsel	  met	  48%	  v/v	  CO2	  en	  40%	  CH4:	  ruwe	  SNG.	  
Er	   is	   onderzocht	   hoe	   de	   koolstof	   uit	   een	   mengsel	   van	   biogeen	   en	   fossiel	  
uitgangsmateriaal	   zich	   verdeelt	   over	   de	   rookgas	   en	   de	   ruwe	   SNG.	   Dit	   is	   gedaan	   met	  
behulp	   van	   14C-­‐metingen	   aan	   rookgas	   CO2,	   ruwe	   SNG	   en	   de	   afzonderlijke	   CO2-­‐	   en	   CH4-­‐
fracties	  van	  ruwe	  SNG.	  Rookgas	  en	  ruwe	  SNG	  zijn	  synchroon	  bemonsterd	  in	  gaszakken.	  Er	  
zijn	   eerst	   gasmonsters	   bemonsterd	   uit	   het	   productieproces	   met	   houtkorrels	   als	  
uitgangsmateriaal.	   Op	   die	   manier	   kon	   worden	   onderzocht	   hoe	   homogeen	   in	   14C-­‐
samenstelling	   de	   koolstof	   van	   dit	   houtmateriaal	   was	   en	   of	   er	   gedurende	   het	  
productieproces	   nog	   andere	   (met	   name	   fossiele)	   koolstofbronnen	   aanwezig	   waren.	  
Daarna	  is	  de	  productie	  van	  ruwe	  SNG	  herhaald	  met	  als	  uitgangsmateriaal	  een	  bio-­‐fossiel	  
koolstofmengsel	  van	  houtkorrels	  en	  bruinkool.	  Dit	  mengsel	  bevatte	  75%	  biogeen	  koolstof.	  	  
De	   14C-­‐waarden	   (standaard	   gecorrigeerd	   voor	   isotopenfractionering)	   van	   alle	  
gasmonsters	   met	   hout	   als	   uitgangsmateriaal	   waren	   binnen	   de	   meetfout	   gelijk.	   Dit	  
bevestigde	  de	  14C-­‐homogeniteit	  van	  het	  vergaste	  en	  verbrande	  uitgangsmateriaal	  en	   liet	  
zien	  dat	  er	  geen	  verschillende	  koolstofbronnen,	  anders	  dan	  van	  het	  uitgangsmateriaal,	  in	  
rookgas,	   productiegas	   en	   ruwe	   SNG	   gas	   terechtkomen.	   De	   14C-­‐waarden	   van	   de	  
gasmonsters	   met	   hout	   en	   bruinkool	   als	   uitgangsmateriaal	   waren	   verschillend	   voor	   het	  
rookgas	  en	  de	  ruwe	  SNG.	  De	  op	  de	  14C-­‐metingen	  gebaseerde	  biogene	  koolstoffractie	  was	  
38%	   voor	   de	   rookgas	   CO2	   en	   89%	   voor	   het	   ruwe	   SNG	   gas	   (en	   eveneens	   voor	   de	  
afzonderlijke	   CO2-­‐	   en	   CH4-­‐	   fracties).	   Ten	   opzichte	   van	   het	   uitgangsmateriaal	   met	   75%	  
biogene	   koolstof,	   bevatte	   het	   onderzochte	   rookgas	   dus	   relatief	   meer	   fossiele	   koolstof,	  
 
terwijl	   de	   ruwe	   SNG	   en	   ook	   de	   afzonderlijke	   CH4-­‐fractie	   hiervan	   (die	   uiteindelijk	   na	  
opwaardering	  in	  de	  SNG	  terecht	  komt),	  juist	  relatief	  meer	  biogene	  koolstof	  bevatten.	  
Deze	  waargenomen	  herverdeling	  van	  biogene	  en	  fossiele	  koolstof	  heeft	  te	  maken	  met	  
het	  toegepaste	  vergassingsproces,	  waarbij	  een	  deel	  van	  het	  uitgangsmateriaal	  niet	  wordt	  
vergast,	  maar	  als	  char	  in	  een	  verbrandingsproces	  wordt	  gebruikt.	  De	  mate	  van	  vergassing	  
en	   char-­‐vorming	   is	   per	   materiaal	   verschillend	   en	   hangt	   af	   van	   de	   vluchtigheid	   van	   het	  
materiaal.	  Hout	  bevat	  meer	  vluchtige	  componenten	  dan	  bruinkool	  en	  dat	  verklaart	  in	  dit	  
geval	  dat	  er	   relatief	  meer	  biogene	   (hout)	   koolstof	   is	   vergast	  en	  er	   relatief	  meer	   fossiele	  
(bruinkool)	   koolstof	   in	   de	   char	   achterbleef,	   dat	   na	   verbranding	   als	   CO2	   in	   de	   rookgas	  
terecht	  kwam.	  De	  mate	  van	  vergassing	  en	  char-­‐vorming	  is	  naast	  materiaaleigenschappen	  
ook	  afhankelijk	  van	  het	  type	  vergasser	  dat	  wordt	  gebruikt,	  de	  tijdsduur	  van	  de	  vergassing,	  
de	   gehanteerde	   temperaturen,	   druk,	   en	   nog	   andere	   procesgerelateerde	   factoren.	   De	  
resultaten	   in	   deze	   studie	   hebben	   laten	   zien	   hoe	   een	   op	   14C-­‐metingen	   gebaseerde	  
methode	   kan	  worden	   ingezet	   voor	   het	   onderzoeken	   en	   kwantificeren	   van	   verschillende	  
(biogene	  met	  fossiele)	  koolstofstromen	  in	  een	  productieproces.	  
	  
De	   toepassing	   van	   op	   14C-­‐metingen	   gebaseerde	   methoden	   voor	   onderzoek	   en	  
routinematige	  controles	  
In	   het	   laatste	   hoofdstuk	   van	   dit	   proefschrift	   (hoofdstuk	   5)	   worden	   een	   aantal	  
onderwerpen	  bediscussieerd	  die	  te	  maken	  hebben	  met	  het	  gebruik	  van	  op	  14C-­‐metingen	  
gebaseerde	   methoden	   voor	   een	   relatief	   nieuw	   palet	   aan	   toepassingen,	   en	   voor	   een	  
relatief	  nieuwe	  gebruikersgroep	  van	  deze	  methoden.	  De	  discussie	  richt	  zich	  hierbij	  op	  de	  
toepasbaarheid	  van	  de	  14C	  methode	  voor	  deze	  nieuwe	  gebruikers.	  Hierbij	  wordt	  aandacht	  
besteed	  aan	  het	  type	  onderzoeksvragen,	  de	  kennis	  van	  de	  gebruikers	  over	  14C-­‐methoden,	  
de	   gewenste	   (juridische)	   zekerheid	   van	   het	   resultaat,	   de	   gewenste	   juistheid	   van	   het	  
resultaat	   (wat	   niet	   hetzelfde	   is	   als	   ‘zekerheid’)	   en	   in	   hoeverre	   14C-­‐methoden	   daarbij	   te	  
‘standaardiseren’	  zijn.	  
De	   nieuwe	   gebruikersgroep	   die	   de	   14C	   methode	   inzet	   voor	   het	   achterhalen	   van	   de	  
biogene	   koolstoffractie	   van	   een	   bepaalde	   (brandstof)product	   of	   rookgas	   bestaat	  
voornamelijk	   uit	   industriële	   bedrijven	   die	   gewend	   zijn	   om	  metingen	   te	   laten	   verrichten	  
door	   externe,	   commerciële,	   geaccrediteerde	   laboratoria	   die	   werken	   volgens	  
gestandaardiseerde	   protocollen.	   De	   meeste	   14C-­‐laboratoria	   zijn	   echter	   onderdeel	   van	  
universiteiten	  en	  (specialistische)	  onderzoeksinstituten	  waar	  14C	  metingen	  onderdeel	  zijn	  
van	  experimenteel	  (dus	  niet	  routinematig)	  onderzoekswerk.	  Onderzoek	  zoals	  beschreven	  
in	  dit	  proefschrift	  laat	  zien	  dat	  er	  verschillende	  factoren	  zijn	  waar	  bij	  de	  uitvoering	  van	  de	  
14C	   methode	   aandacht	   aan	   besteed	   moet	   worden	   voor	   optimale	   interpretatie	   van	   de	  
meetresultaten.	   Het	   dilemma	   van	   standaardisatie	   van	   de	   14C-­‐methode	   om	   daarmee	  
iedereen	   die	   er	   geen	   verstand	   van	   heeft	   routinematig	   een	   getal	   te	   kunnen	   laten	  
berekenen,	  versus	  het	  met	  kennis	  van	  zaken	  en	  eventueel	  extra	  analyses	  inzetten	  van	  de	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 -­‐25	  en	   -­‐75‰.	  Een	  verschil	   van	  50‰	   in	  δ13C	  van	  biogeen	  en	   fossiel	  koolstof	   is	   in	   theorie	  
mogelijk	  en	  geeft	  de	  grootste	  afwijking	  in	  de	  toegepaste	  isotopenfractioneringscorrectie.	  
Metingen	   van	   acht	   biogasmonsters	   en	   drie	   aardgasmonsters	   in	   deze	   studie	   gaven	  
verschillen	  in	  δ13C	  tussen	  biogas	  en	  aardgas	  van	  maximaal	  33‰.	  De	  (absolute)	  afwijking	  in	  
de	  berekende	  biogene	  koolstoffractie	  is	  maximaal	  ±2.5%	  voor	  biogassen	  en	  is	  het	  grootste	  
bij	  biogene	  koolstoffracties	  van	  50%.	  
	  
	  14C	  methode	  voor	  biogeen-­‐fossiele	  koolstof	  verdelingen	  in	  productie	  processen	  
In	   een	   derde	   studie	   is	   de	   toepassing	   van	   een	   14C-­‐methode	   onderzocht	   voor	   het	  
vaststellen	  van	  de	  verdeling	  van	  biogene	  en	  fossiele	  koolstof	   in	  een	  productieproces	  van	  
Synthetic	  Natural	  Gas	   (SNG).	   In	  dit	  project,	  dat	  net	  als	  de	   tweede	   studie	  onderdeel	  was	  
van	  “EDGaR	  Agate-­‐1”,	  is	  samengewerkt	  met	  ECN.	  In	  dit	  specifiek	  onderzochte	  en	  door	  ECN	  
ontwikkelde	   SNG	   productieproces	   werd	   vast	   uitgangsmateriaal	   eerst	   vergast	   in	   een	  
vergasser	   tot	   ‘productiegas’	   en	   een	   koolstofrijk	   residu	   (‘char’).	   Deze	   ‘char’	  werd	   daarna	  
verbrand	  met	   lucht	   voor	   het	   genereren	   van	  warmte	   voor	   het	   productieproces.	   Bij	   deze	  
verbranding	  ontstaat	   rookgas	  met	  o.a.	  CO2.	  Het	  productiegas	  werd,	  na	  verwijdering	  van	  
teer,	  stof,	  zwavel	  en	  water,	  met	  behulp	  van	  waterstof	  en	  nikkelkatalysatoren	  omgezet	  in	  
een	  gas	  mengsel	  met	  48%	  v/v	  CO2	  en	  40%	  CH4:	  ruwe	  SNG.	  
Er	   is	   onderzocht	   hoe	   de	   koolstof	   uit	   een	   mengsel	   van	   biogeen	   en	   fossiel	  
uitgangsmateriaal	   zich	   verdeelt	   over	   de	   rookgas	   en	   de	   ruwe	   SNG.	   Dit	   is	   gedaan	   met	  
behulp	   van	   14C-­‐metingen	   aan	   rookgas	   CO2,	   ruwe	   SNG	   en	   de	   afzonderlijke	   CO2-­‐	   en	   CH4-­‐
fracties	  van	  ruwe	  SNG.	  Rookgas	  en	  ruwe	  SNG	  zijn	  synchroon	  bemonsterd	  in	  gaszakken.	  Er	  
zijn	   eerst	   gasmonsters	   bemonsterd	   uit	   het	   productieproces	   met	   houtkorrels	   als	  
uitgangsmateriaal.	   Op	   die	   manier	   kon	   worden	   onderzocht	   hoe	   homogeen	   in	   14C-­‐
samenstelling	   de	   koolstof	   van	   dit	   houtmateriaal	   was	   en	   of	   er	   gedurende	   het	  
productieproces	   nog	   andere	   (met	   name	   fossiele)	   koolstofbronnen	   aanwezig	   waren.	  
Daarna	  is	  de	  productie	  van	  ruwe	  SNG	  herhaald	  met	  als	  uitgangsmateriaal	  een	  bio-­‐fossiel	  
koolstofmengsel	  van	  houtkorrels	  en	  bruinkool.	  Dit	  mengsel	  bevatte	  75%	  biogeen	  koolstof.	  	  
De	   14C-­‐waarden	   (standaard	   gecorrigeerd	   voor	   isotopenfractionering)	   van	   alle	  
gasmonsters	   met	   hout	   als	   uitgangsmateriaal	   waren	   binnen	   de	   meetfout	   gelijk.	   Dit	  
bevestigde	  de	  14C-­‐homogeniteit	  van	  het	  vergaste	  en	  verbrande	  uitgangsmateriaal	  en	   liet	  
zien	  dat	  er	  geen	  verschillende	  koolstofbronnen,	  anders	  dan	  van	  het	  uitgangsmateriaal,	  in	  
rookgas,	   productiegas	   en	   ruwe	   SNG	   gas	   terechtkomen.	   De	   14C-­‐waarden	   van	   de	  
gasmonsters	   met	   hout	   en	   bruinkool	   als	   uitgangsmateriaal	   waren	   verschillend	   voor	   het	  
rookgas	  en	  de	  ruwe	  SNG.	  De	  op	  de	  14C-­‐metingen	  gebaseerde	  biogene	  koolstoffractie	  was	  
38%	   voor	   de	   rookgas	   CO2	   en	   89%	   voor	   het	   ruwe	   SNG	   gas	   (en	   eveneens	   voor	   de	  
afzonderlijke	   CO2-­‐	   en	   CH4-­‐	   fracties).	   Ten	   opzichte	   van	   het	   uitgangsmateriaal	   met	   75%	  
biogene	   koolstof,	   bevatte	   het	   onderzochte	   rookgas	   dus	   relatief	   meer	   fossiele	   koolstof,	  
 
terwijl	   de	   ruwe	   SNG	   en	   ook	   de	   afzonderlijke	   CH4-­‐fractie	   hiervan	   (die	   uiteindelijk	   na	  
opwaardering	  in	  de	  SNG	  terecht	  komt),	  juist	  relatief	  meer	  biogene	  koolstof	  bevatten.	  
Deze	  waargenomen	  herverdeling	  van	  biogene	  en	  fossiele	  koolstof	  heeft	  te	  maken	  met	  
het	  toegepaste	  vergassingsproces,	  waarbij	  een	  deel	  van	  het	  uitgangsmateriaal	  niet	  wordt	  
vergast,	  maar	  als	  char	  in	  een	  verbrandingsproces	  wordt	  gebruikt.	  De	  mate	  van	  vergassing	  
en	   char-­‐vorming	   is	   per	   materiaal	   verschillend	   en	   hangt	   af	   van	   de	   vluchtigheid	   van	   het	  
materiaal.	  Hout	  bevat	  meer	  vluchtige	  componenten	  dan	  bruinkool	  en	  dat	  verklaart	  in	  dit	  
geval	  dat	  er	   relatief	  meer	  biogene	   (hout)	   koolstof	   is	   vergast	  en	  er	   relatief	  meer	   fossiele	  
(bruinkool)	   koolstof	   in	   de	   char	   achterbleef,	   dat	   na	   verbranding	   als	   CO2	   in	   de	   rookgas	  
terecht	  kwam.	  De	  mate	  van	  vergassing	  en	  char-­‐vorming	  is	  naast	  materiaaleigenschappen	  
ook	  afhankelijk	  van	  het	  type	  vergasser	  dat	  wordt	  gebruikt,	  de	  tijdsduur	  van	  de	  vergassing,	  
de	   gehanteerde	   temperaturen,	   druk,	   en	   nog	   andere	   procesgerelateerde	   factoren.	   De	  
resultaten	   in	   deze	   studie	   hebben	   laten	   zien	   hoe	   een	   op	   14C-­‐metingen	   gebaseerde	  
methode	   kan	  worden	   ingezet	   voor	   het	   onderzoeken	   en	   kwantificeren	   van	   verschillende	  
(biogene	  met	  fossiele)	  koolstofstromen	  in	  een	  productieproces.	  
	  
De	   toepassing	   van	   op	   14C-­‐metingen	   gebaseerde	   methoden	   voor	   onderzoek	   en	  
routinematige	  controles	  
In	   het	   laatste	   hoofdstuk	   van	   dit	   proefschrift	   (hoofdstuk	   5)	   worden	   een	   aantal	  
onderwerpen	  bediscussieerd	  die	  te	  maken	  hebben	  met	  het	  gebruik	  van	  op	  14C-­‐metingen	  
gebaseerde	   methoden	   voor	   een	   relatief	   nieuw	   palet	   aan	   toepassingen,	   en	   voor	   een	  
relatief	  nieuwe	  gebruikersgroep	  van	  deze	  methoden.	  De	  discussie	  richt	  zich	  hierbij	  op	  de	  
toepasbaarheid	  van	  de	  14C	  methode	  voor	  deze	  nieuwe	  gebruikers.	  Hierbij	  wordt	  aandacht	  
besteed	  aan	  het	  type	  onderzoeksvragen,	  de	  kennis	  van	  de	  gebruikers	  over	  14C-­‐methoden,	  
de	   gewenste	   (juridische)	   zekerheid	   van	   het	   resultaat,	   de	   gewenste	   juistheid	   van	   het	  
resultaat	   (wat	   niet	   hetzelfde	   is	   als	   ‘zekerheid’)	   en	   in	   hoeverre	   14C-­‐methoden	   daarbij	   te	  
‘standaardiseren’	  zijn.	  
De	   nieuwe	   gebruikersgroep	   die	   de	   14C	   methode	   inzet	   voor	   het	   achterhalen	   van	   de	  
biogene	   koolstoffractie	   van	   een	   bepaalde	   (brandstof)product	   of	   rookgas	   bestaat	  
voornamelijk	   uit	   industriële	   bedrijven	   die	   gewend	   zijn	   om	  metingen	   te	   laten	   verrichten	  
door	   externe,	   commerciële,	   geaccrediteerde	   laboratoria	   die	   werken	   volgens	  
gestandaardiseerde	   protocollen.	   De	   meeste	   14C-­‐laboratoria	   zijn	   echter	   onderdeel	   van	  
universiteiten	  en	  (specialistische)	  onderzoeksinstituten	  waar	  14C	  metingen	  onderdeel	  zijn	  
van	  experimenteel	  (dus	  niet	  routinematig)	  onderzoekswerk.	  Onderzoek	  zoals	  beschreven	  
in	  dit	  proefschrift	  laat	  zien	  dat	  er	  verschillende	  factoren	  zijn	  waar	  bij	  de	  uitvoering	  van	  de	  
14C	   methode	   aandacht	   aan	   besteed	   moet	   worden	   voor	   optimale	   interpretatie	   van	   de	  
meetresultaten.	   Het	   dilemma	   van	   standaardisatie	   van	   de	   14C-­‐methode	   om	   daarmee	  
iedereen	   die	   er	   geen	   verstand	   van	   heeft	   routinematig	   een	   getal	   te	   kunnen	   laten	  
berekenen,	  versus	  het	  met	  kennis	  van	  zaken	  en	  eventueel	  extra	  analyses	  inzetten	  van	  de	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 14C	  methode	   om	   daarmee	   een	   onderzoeksvraag	   te	   kunnen	   beantwoorden,	  wordt	   in	   dit	  
hoofdstuk	  nader	  bediscussieerd.	  
Voor	  de	  gespecialiseerde	   (experimentele)	   14C-­‐onderzoekslaboratoria	   ligt	  de	   toekomst	  
van	   het	   gebruik	   van	   14C-­‐methoden	   voor	   het	   onderscheiden	   van	   biogene	   en	   fossiele	  
koolstof,	   vooral	   in	   het	   nauwkeurig	   en	   precies	   onderzoeken	   van	   de	   samenstelling	   van	  



























Na	  een	  promotietraject	  van	  acht	  jaren,	  met	  naast	  promotieonderzoek	  ook	  nog	  diverse	  
andere	   onderzoeksonderwerpen	   en	   een	   breed	   palet	   aan	   laboratoriumwerkzaamheden	  
(als	  chemisch	  analist,	  adviseur,	  lab-­‐coördinator	  en	  toezichthoudend	  stralingsdeskundige),	  
is	  er	   inmiddels	  een	  grote	  groep	  mensen	  die	   ik	  kan	  bedanken	  voor	  hun	  bijdrage	  aan	  mijn	  
ontwikkeling	  tot	  wetenschappelijk	  onderzoeker.	  	  
Maar	  eerst,	  hoe	  begon	  het	  ook	  al	  weer	  en	  wat	   is	  er	  toch	  met	  de	  wijn	  gebeurd?	  Mijn	  
promotie-­‐traject	   begon	   eind	   2007	   enerzijds	   met	   het	   schrijven	   van	   een	   artikel	   over	   het	  
afstudeeronderzoek	  dat	  ik	  in	  2007	  voor	  mijn	  master	  “Energy	  and	  Environmental	  Sciences”	  
bij	  het	  CIO	  had	  uitgevoerd,	  en	  anderzijds	  met	  het	  schrijven	  van	  een	  plan	  voor	  het	  bepalen	  
van	   de	   biogene	   koolstoffractie	   in	   rookgas	   CO2	   met	   behulp	   van	  
14C	   metingen.	   Het	  
afstudeeronderzoek	   ging	   over	   het	   vaststellen	   van	   trends	   in	   de	   uitstoot	   van	   fossiele	  
brandstof	  CO2	  op	  basis	  van	  
14C	  metingen	  aan	  wijn-­‐ethanol	  van	  diverse	  Europese	  regio’s	  en	  
voor	  diverse	  (oogst)jaren.	  Een	  tot	  de	  verbeelding	  sprekend	  onderzoek	  dat	  eind	  2008,	  na	  
publicatie	  van	  het	  eerste	  artikel,	  leidde	  tot	  veel	  publiciteit	  op	  internet,	  radio,	  televisie	  en	  
in	   de	   krant.	   Een	   prachtige	   ervaring.	   Vanaf	   2009	   hebben	  we	   voor	   een	   aantal	  wijngaard-­‐
locaties	   wijn-­‐tijdseries	   verzameld.	   Een	   deel	   van	   deze	   series	   is	   in	   de	   loop	   van	   de	   tijd	  
geanalyseerd	  en	  ander	  deel	   van	  de	  wijnen	  moet	  nog	  worden	  gedestilleerd	  en	  gemeten.	  
Op	  basis	  van	  de	  wijn-­‐data	  en	  (model)data	  over	  o.a.	  variaties	  in	  atmosferische	  menging	  en	  
transport	  van	  CO2	  kan	  verder	  onderzoek	  worden	  gedaan	  naar	  trends	  in	  regionale	  fossiele	  
CO2	  emissies.	  In	  de	  periode	  2008-­‐2014	  heb	  ik	  naast	  een	  klein	  beetje	  wijnonderzoek	  vooral	  
onderzoek	  gedaan	  naar	  de	  toepassing	  van	  14C	  metingen	  voor	  het	  bepalen	  van	  het	  aandeel	  
biogeen	   koolstof	   in	   diverse	   gassen	   (rookgas,	   brandstof-­‐gas).	   En	   hoewel	   het	   idee	  
aanvankelijk	  was	  om	  zowel	  op	  het	  wijnonderzoek	  als	  het	  biogeen-­‐koolstof-­‐onderzoek	   te	  
promoveren,	  is	  uiteindelijk	  besloten	  om	  het	  wijnonderzoek,	  waarvoor	  op	  dit	  moment	  nog	  
voor	  jaren	  onderzoeks-­‐	  en	  publicatiewerk	  ligt,	  niet	  op	  te	  nemen	  in	  dit	  proefschrift.	  
	  
Als	  eerste	  wil	  ik	  uiteraard	  Harro	  Meijer	  bedanken	  voor	  het	  geven	  van	  de	  mogelijkheid	  
om	   in	  een	  soort	  dubbelfunctie	  onderzoek	  te	  kunnen	  doen	  bij	  het	  CIO.	  Bedankt	  voor	  het	  
geven	   van	   de	   mogelijkheid	   om	   op	   dit	   onderzoek	   te	   promoveren,	   je	   diverse	   creatieve	  
onderzoek	  ideeën,	  je	  begeleiding	  bij	  het	  onderzoek	  en	  je	  commentaar	  en	  aanwijzingen	  bij	  
de	   diverse	   artikelen	   en	   bij	   dit	   proefschrift!	   Ook	   bedankt	   voor	   het	   nog	   regelmatig	  
meebrengen	   van	   nieuw	   te	   destilleren/meten	   wijnen	   uit	   het	   Duitse	   wijnland.	   De	  
plaatselijke	   CIO-­‐wijn’kelder’	   staat	   behoorlijk	   vol	   inmiddels,	   en	   hopelijk	   kan	   het	  
wijnonderzoek	  over	  niet	  al	  te	  lange	  tijd	  weer	  een	  vervolg	  krijgen.	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Samenvatting
 14C	  methode	   om	   daarmee	   een	   onderzoeksvraag	   te	   kunnen	   beantwoorden,	  wordt	   in	   dit	  
hoofdstuk	  nader	  bediscussieerd.	  
Voor	  de	  gespecialiseerde	   (experimentele)	   14C-­‐onderzoekslaboratoria	   ligt	  de	   toekomst	  
van	   het	   gebruik	   van	   14C-­‐methoden	   voor	   het	   onderscheiden	   van	   biogene	   en	   fossiele	  
koolstof,	   vooral	   in	   het	   nauwkeurig	   en	   precies	   onderzoeken	   van	   de	   samenstelling	   van	  



























Na	  een	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  en	  toezichthoudend	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  hun	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  aan	  mijn	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Maar	  eerst,	  hoe	  begon	  het	  ook	  al	  weer	  en	  wat	   is	  er	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  de	  wijn	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  Mijn	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  het	  CIO	  had	  uitgevoerd,	  en	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  met	  het	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  van	  een	  plan	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   En	   hoewel	   het	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  moment	  nog	  
voor	  jaren	  onderzoeks-­‐	  en	  publicatiewerk	  ligt,	  niet	  op	  te	  nemen	  in	  dit	  proefschrift.	  
	  
Als	  eerste	  wil	  ik	  uiteraard	  Harro	  Meijer	  bedanken	  voor	  het	  geven	  van	  de	  mogelijkheid	  
om	   in	  een	  soort	  dubbelfunctie	  onderzoek	  te	  kunnen	  doen	  bij	  het	  CIO.	  Bedankt	  voor	  het	  
geven	   van	   de	   mogelijkheid	   om	   op	   dit	   onderzoek	   te	   promoveren,	   je	   diverse	   creatieve	  
onderzoek	  ideeën,	  je	  begeleiding	  bij	  het	  onderzoek	  en	  je	  commentaar	  en	  aanwijzingen	  bij	  
de	   diverse	   artikelen	   en	   bij	   dit	   proefschrift!	   Ook	   bedankt	   voor	   het	   nog	   regelmatig	  
meebrengen	   van	   nieuw	   te	   destilleren/meten	   wijnen	   uit	   het	   Duitse	   wijnland.	   De	  
plaatselijke	   CIO-­‐wijn’kelder’	   staat	   behoorlijk	   vol	   inmiddels,	   en	   hopelijk	   kan	   het	  
wijnonderzoek	  over	  niet	  al	  te	  lange	  tijd	  weer	  een	  vervolg	  krijgen.	  
153
 Harm-­‐Jan	  Streurman	  wil	  ik	  bedanken	  voor	  de	  onconventionele	  manier	  waarop	  hij	  het	  
conventionele	   14C	   laboratorium	  vormgaf	  en	  mij	  met	  verve	  en	  oog	  voor	  detail	   zijn	  kennis	  
en	   ervaring	   deelde.	   Ik	   heb	   in	   relatief	   korte	   tijd	   veel	   van	   je	   geleerd	   en	   luister	   nog	   graag	  
naar	   je	   huidige	   bevindingen	   in	   je	   onderzoek	   naar	   de	   geschiedenis	   van	   de	   Groningse	  
waddenkust.	   Dat	   ik	   af	   en	   toe	   sokken	   en	   schoenen	   in	   de	   stoof	   aantrof	   wanneer	   ik	   er	  
monsters	   in	  wilde	   zetten	   en	   jij	   weer	   eens	   natgeregend	   bleek	   te	   zijn	   op	   je	   fiets,	   zijn	   nu	  
mooie	  herinneringen.	  	  
Hans	   van	   der	   Plicht	   wil	   ik	   bedanken	   voor	   het	   geven	   van	   mogelijkheid	   om	   mee	   te	  
werken	   aan	   diverse	   onderzoeken	   in	   andere	   14C-­‐toepassingen	   dan	   atmosfeer	   en	  
brandstoffen.	   Bijvoorbeeld	   bij	   onderzoek	   naar	   ouderdomsbepalingen	   in	   botten	   en	  
bodemlagen.	  Bedankt	  ook	  voor	  al	  die	  keren	  dat	   ik	  uitleg	  kwam	  vragen	  over	  de	   (blijvend	  
makkelijk	   verwarring	   scheppende)	   14C	   berekeningsconventies	   en	   voor	   het	   delen	   van	   je	  
ervaringen	  met	  archeologen.	  	  
En	  dan	  natuurlijk	  dank	  aan	  alle	  andere	  CIO-­‐stafleden	  waar	  ik	  in	  de	  afgelopen	  jaren	  mee	  
samen	   heb	   mogen	   werken:	   Janette	   Spriensma	   voor	   o.a.	   wijn-­‐destillaties	   en	   Lutjewad	  
extracties.	   Bert	   Kers	   voor	   o.a.	   de	   Lutjewad	   14CO2	   bemonsteringen	   en	   het	   zijn	   van	  
vraagbaak	   voor	   heel	   veel	   lab-­‐dingen	  waaronder	   ook	   grote	   verbrandingssystemen.	   Anita	  
Aerts-­‐Bijma	  voor	  o.a.	  de	  fijne	  gedeelde	  lab-­‐coördinatie	  en	  planning.	  Dicky	  van	  Zonneveld	  
voor	   o.a.	   het	   afwegen	   en	   verbranden	   van	   wijnethanol	   monsters	   en	   diverse	   bio-­‐based	  
materialen.	   Fsaha	   Ghebru	   voor	   o.a.	   Lutjewad	   extracties	   en	   vele	   grafitisaties.	   Trea	   Dijk-­‐
Dijkstra	  voor	  het	  grafitiseren	  van	  de	  vele	  onderzoeksmonsters.	  Henk	  Been	  voor	  o.a.	  het	  
meten	   van	   14C	   met	   de	   AMS	   en	   voor	   het	   bedenken	   van	   handige	   oplossingen	   en	  
constructies	  bij	  het	  bouwen	  van	  systemen.	  Henk	  Jansen	  voor	  o.a.	  het	  meten	  van	  13CO2	  en	  
voor	  alle	  hand-­‐	  en	  spandiensten	  van	  ICT	  tot	  verbrandingssysteem	  vragen.	  Marc	  Bleeker	  en	  
daarvoor	  nog	  Stef	  Wijma	  voor	  het	  meten	  van	  14C	  met	  de	  AMS.	  Marcel	  de	  Vries	  voor	  het	  
loggen	   van	   de	   Lutjewad	   14CO2	   bemonstering	   en	   voor	   het	   installeren	   van	  
temperatuursensoren	   in	   het	   SCS	   systeem.	  Wouter	   Peters	   voor	   de	   samenwerking	   in	   het	  
14C-­‐in-­‐mais	   PhD-­‐project	   van	   Denica	   Bozhinova.	   Hans	   Roeloffzen	   voor	   de	   uitdagingen	  
rondom	  het	  ontwerpen	  en	  implementeren	  van	  vernieuwde	  databases.	  Bert	  Scheeren	  voor	  
zijn	   inzichten	   bij	   de	   gezamenlijke	   lab-­‐coördinatie.	   Patricia	   Wietzes-­‐Land	   voor	   de	  
secretariële	   ondersteuning.	   Samen	   met	   Berthe	   Verstappen,	   Romke	   Tjoelker,	   Ramon	  
Richie,	   Huilin	   Chen	   en	   Uli	   Dusek,	   vormen	   jullie	   een	   prachtige	   en	   diverse	   CIO-­‐groep	  
waartussen	  het	  fijn	  werken	  en	  (thee/lunch/thee)pauzeren	  is!	  Bedankt!!	  
	  
I	  would	  like	  to	  thank	  all	  current	  and	  former	  PhD	  students	  I	  met	  at	  the	  CIO	  over	  the	  last	  
nine	  years	  for	  sharing	  their	  experiences	  with	  doing	  (experimental)	  PhD	  research.	  	  
Denica	   Bozhinova	   (Wageningen	   University):	   thank	   you	   for	   sharing	   your	   14C-­‐in-­‐plants	  
research-­‐project	  with	  me	   in	   Groningen,	   at	   Lutjewad	   and	   in	  Wageningen	   and	   for	   all	   the	  
questions	   you	   had!	   Voor	   het	   kunnen	   meewerken	   aan	   een	   isotopen-­‐paper	   over	   de	  
 
Schöningen	   dieren	   en	   het	   samen	   voorbehandelen	   (gezellig!)	   van	   botmaterialen	   wil	   ik	  
Margot	  Kuitems	  (Universiteit	  Leiden)	  	  bedanken.	  
	  
Frits	   Bakker	   van	   ECN	   wil	   ik	   hierbij	   bedanken	   voor	   de	   samenwerking	   bij	   het	  
bemonsteren	   van	   rookgassen	   in	   2008	   en	   voor	   het	   mij	   betrekken	   bij	   het	   opstellen	   van	  
nieuwe	   ISO	   en	   CEN	   normen	   voor	   de	   biogeen	   koolstof	   bepaling	   van	   o.a.	   rookgassen,	  
afvalmaterialen	  en	  bio-­‐based	  producten.	  Het	   standaardisatie	  werk	  heeft	  me	  veel	   inzicht	  
gegeven	   in	   hoe	   op	   14C	   gebaseerde	  methoden	   in	   de	   praktijk	   kunnen	  worden	   en	  worden	  
gebruikt.	  Daarnaast	  hebben	  we	  als	  CIO	  door	  de	  samenwerking	  met	  ECN,	  o.a.	  via	  Frits,	  aan	  
een	   aantal	   round-­‐robin	   tests	   mee	   kunnen	   doen	   en	   meten	   we	   af	   en	   toe	   bio-­‐based	  
producten.	   Deze	   analyses	   hebben	   mede	   bijgedragen	   aan	   mijn	   kennis	   over	   de	   14C	  
methoden	   voor	   diverse	  materialen.	   Naast	   Frits,	   wil	   ik	   ook	  Marco	   Geusebroek,	  Maurice	  
Hiemstra,	  Jaap	  Hooijmans	  en	  Tetyana	  Klymko	  van	  ECN	  bedanken	  voor	  hun	  samenwerking	  
in	  de	  afgelopen	  jaren.	  
Luc	   Rabou	   van	   ECN	   wil	   ik	   bedanken	   voor	   de	   prettige	   samenwerking	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   is	  what	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  and	  we	  are	  so	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  to	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  It	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  Thank	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   thank	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   kosteloos	   verstrekken	   van	  
Maastrichtse	  wijn	   en	   informatie	   over	   suikergehaltes	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  mij	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  en	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   deelde.	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   bij	   onderzoek	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   in	   botten	   en	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  voor	  al	  die	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  dat	   ik	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  kwam	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  de	   (blijvend	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   verwarring	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   en	   voor	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   van	   je	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  met	  archeologen.	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   Lutjewad	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   lab-­‐dingen	  waaronder	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  bouwen	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  Henk	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  voor	  o.a.	  het	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  van	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  en	  
voor	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  hand-­‐	  en	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  van	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  Bleeker	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daarvoor	  nog	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  Wijma	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  met	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  AMS.	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   voor	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   Denica	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   Hans	   Roeloffzen	   voor	   de	   uitdagingen	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  het	  ontwerpen	  en	  implementeren	  van	  vernieuwde	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  voor	  
zijn	   inzichten	   bij	   de	   gezamenlijke	   lab-­‐coördinatie.	   Patricia	   Wietzes-­‐Land	   voor	   de	  
secretariële	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   met	   Berthe	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   Romke	   Tjoelker,	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  het	  fijn	  werken	  en	  (thee/lunch/thee)pauzeren	  is!	  Bedankt!!	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  would	  like	  to	  thank	  all	  current	  and	  former	  PhD	  students	  I	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  at	  the	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  over	  the	  last	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  years	  for	  sharing	  their	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  PhD	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   Bozhinova	   (Wageningen	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   thank	   you	   for	   sharing	   your	   14C-­‐in-­‐plants	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  with	  me	   in	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   at	   Lutjewad	   and	   in	  Wageningen	   and	   for	   all	   the	  
questions	   you	   had!	   Voor	   het	   kunnen	   meewerken	   aan	   een	   isotopen-­‐paper	   over	   de	  
 
Schöningen	   dieren	   en	   het	   samen	   voorbehandelen	   (gezellig!)	   van	   botmaterialen	   wil	   ik	  
Margot	  Kuitems	  (Universiteit	  Leiden)	  	  bedanken.	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   Bakker	   van	   ECN	   wil	   ik	   hierbij	   bedanken	   voor	   de	   samenwerking	   bij	   het	  
bemonsteren	   van	   rookgassen	   in	   2008	   en	   voor	   het	   mij	   betrekken	   bij	   het	   opstellen	   van	  
nieuwe	   ISO	   en	   CEN	   normen	   voor	   de	   biogeen	   koolstof	   bepaling	   van	   o.a.	   rookgassen,	  
afvalmaterialen	  en	  bio-­‐based	  producten.	  Het	   standaardisatie	  werk	  heeft	  me	  veel	   inzicht	  
gegeven	   in	   hoe	   op	   14C	   gebaseerde	  methoden	   in	   de	   praktijk	   kunnen	  worden	   en	  worden	  
gebruikt.	  Daarnaast	  hebben	  we	  als	  CIO	  door	  de	  samenwerking	  met	  ECN,	  o.a.	  via	  Frits,	  aan	  
een	   aantal	   round-­‐robin	   tests	   mee	   kunnen	   doen	   en	   meten	   we	   af	   en	   toe	   bio-­‐based	  
producten.	   Deze	   analyses	   hebben	   mede	   bijgedragen	   aan	   mijn	   kennis	   over	   de	   14C	  
methoden	   voor	   diverse	  materialen.	   Naast	   Frits,	   wil	   ik	   ook	  Marco	   Geusebroek,	  Maurice	  
Hiemstra,	  Jaap	  Hooijmans	  en	  Tetyana	  Klymko	  van	  ECN	  bedanken	  voor	  hun	  samenwerking	  
in	  de	  afgelopen	  jaren.	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   van	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   wil	   ik	   bedanken	   voor	   de	   prettige	   samenwerking	   in	   het	   EDGaR-­‐
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  en	  bij	  het	  schrijven	  van	  het	  SNG-­‐paper.	  
	  
All	   researchers	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  worked	   together	  with	  or	  met	   at	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  and	  workshops:	   thank	  
you	  for	  sharing	  your	   ideas	  and	  knowledge	  and	  for	  showing	  enthusiasm:	  “this	   is	  what	  we	  
know	  now	  and	  we	  are	  so	  curious	  to	  find	  out	  more	  tomorrow”!	  It	  has	  inspired	  me	  several	  
times	  in	  my	  own	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  Thank	  you:	  Jocelyn	  Turnbull,	  Felix	  Vogel,	  Ingeborg	  Levin,	  Sonke	  
Sidat,	  Gianluca	  Quarta,	  Simon	  Fharni,	  Jakob	  Wallinga,	  Wim	  Viveen,	  Erik	  Heeres	  and	  Angela	  
Kumalaputri.	  
I	  would	   like	   to	   thank	  Ute	  Karstens	  and	  Christian	  Rödenbeck	   for	  modelling	   fossil	   fuel-­‐
derived	  CO2	  concentrations	  with	  different	  atmospheric	  models.	  They	  did	  this	  in	  the	  period	  
2007-­‐2010	   and	   I	   used	   the	   data	   for	  my	  wine-­‐research.	   Thank	   you	   for	   your	   efforts!	   Also	  
many	   thanks	   to	   the	  wine-­‐farmers	  Gies-­‐Duppel	   from	  Birkweiler	   in	   Germany	   and	   Etienne	  
Sipp	   from	   Ribeauville	   in	   France	   for	   the	   nice	   time	   series	   we	   could	   obtain	   from	   their	  
vineyards,	   including	   additional	   information	   about	   the	   harvest	   dates.	   Reinhard	  
Morgenstern:	  thank	  you	  for	  purchasing	  and	  even	  give	  away	  Jechtinger	  wines!	  Ik	  wil	  René	  
van	  Druenen	  en	  diverse	  andere	  medewerkers	  van	  het	  Nederlandse	  wijnbedrijf	  Viti	  Consult	  
(Maastricht)	   bedanken	   voor	   hun	   samenwerking	   in	   het	   kosteloos	   verstrekken	   van	  
Maastrichtse	  wijn	   en	   informatie	   over	   suikergehaltes	   en	   oogstdata	   gedurende	  meerdere	  
jaren.	  	  
	  
Tenslotte	  wil	   ik	  Alwin,	  mijn	  dierbare	   levenspartner,	  bedanken	  voor	  zijn	  steun,	  humor	  
en	  vele	  wijze	  woorden:	  je	  hebt	  in	  de	  afgelopen	  jaren	  bijgedragen	  aan	  mijn	  groei	  als	  mens	  
in	  deze	  wereld	  en	  als	  onderzoeker	  aan	  de	  universiteit.	  Zo	  veel	  dank	  daarvoor!	  Wie	  weet	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   After	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  While	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  measurements	  of	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  gases	  and	  climate	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  she	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her	   first	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   at	   the	   Centre	   for	   Isotope	   Research	   (CIO).	   The	   subject	   of	   her	   training	  
thesis	  was	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   to	   radon	  and	  CO2	  measurements	   in	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   fluxes	   at	   the	  CIO	  monitoring	  
station	   ‘Lutjewad’.	   The	   research	   of	   her	  master	   thesis,	   which	   finally	   resulted	   in	   her	   first	  
research	   paper,	   concerned	   14C	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   in	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   as	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  CO2	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  the	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  as	  research	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  in	  a	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the	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   of	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  research	  assistant	  at	  CIO,	  she	  works	  partly	  as	  
chemical	   analyst	   and	  partly	   as	   researcher	   (PhD-­‐employee)	  on	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